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ABSTRACT

Reuter, Alvin T., M.A., 1978

Psychology

Prenatal zinc nutrition and behavioral development in rhesus
monkeys (7 9 pp.).
Director: David A. Strobel, Ph.D.
Pregnant rhesus monkeys (Macaca mulatta) deprived of dietary
zinc from day 110 to 150 gestation developed dermatitis, alopecia,
anorexia, and depressed concentration of plasma zinc. Infant
progeny of the zinc deficient dams associated with their mothers
more, were less active, played less, and explored less than control
infants. In a series of learning experiments beginning at 500 days
of age, group performances were comparable in reversal discrimina
tion learning and in discriminations involving increased separation
of cues from response loci, but unlike the control group, the zinc
deficient progeny were unable to demonstrate interproblem transfer
(learning set) on 100 object quality discrimination problems.
Later performance on 100 additional problems was significantly
improved, but still inferior to control subjects. At 650 days of
age, the intrauterine zinc deprived monkeys performed significant
ly inferior to controls in Sidman avoidance conditioning only
after covariate adjustment for social dominance. The results
suggested that ontogenic delays in behavioral maturation, and
possibly changes in development of social relations, may result
from maternal deficiencies of zinc in nonhuman primate progeny.
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Chapter 1

INTRODUCTION

Maintenance of normal metabolic processes, especially during
periods of rapid cellular growth and development, is dependent upon a
regular exogenous supply of the trace metal zinc.

As an integral

constituent of over 20 raetalloenzymes from diverse sources (Parisi &
Vallee, 1969; Riordan & Vallee, 1976) and cofactor in the structural
configuration of certain nonenzyme organic ligands (Aisen, Leibraan, &
Pinkowitz, 197^; Evans & Winter, 1975; Henkin, 197^; Parisi & Vallee,
1 9 7 0 ) zinc participates in the metabolism of DNA (Eckhert & Hurley,

1977; Fujioka & Lieberman, 1964; Mills, Quarterman, Chesters, Williams,
& Dalgarno, 1969; Prasad & Oberleas, 1974; Sandstead & Rinaldi, 1969;
Slater, Mildvan, & Loeb, 1971), RNA (Fosmire, Fosmire, & Sandstead, 1976;
Mills et al., 1969; Sandstead & Terhune, 1974; Scrutton, Wu, & Goldthwait,
1971 ; Terhune & Sandstead, 1972), proteins (Cherian, 1977; Duerre, Ford,

& Sandstead, 1977; Hsu, Anthony, & Buchanan, 1969; Hsu, Kim, & Anthony,
1974; Pories, Strain, Hsu, & Woosely, 1974), mucopolysaccharides
(Nielsen, Dowdy, & Ziporin, 1970; Thompson, Gilbreath, & Bielk, 1975),
carbohydrates (Hendricks & Mahoney, 1972; Huber & Gershoff, 1975; Mills
et al., 1 9 6 9 ), vitamin A (Smith, Brown, McDaniel, & Chan, 1976; Smith,
McDaniel, Fan, & Halsted, 1973; Sundaresan, Cope, & Smith, 1977), and
possibly prostaglandins (O'Dell, Reynolds, & Reeves, 1977).
Humans typically ingest a daily average of approximately 10 to
15 mg of this element, of which less than one third is absorbed (Li &

Vallee, 1973; Spencer, Osis, Kramer, & Norris, I9 7 6 ).
zinc is widely distributed throughout the body.

Once absorbed,

There is continual
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rapid disposition and turnover of zinc in liver, pancreas, kidney, heart,
hypophysis, adrenals, prostate, and testis.

The turnover of zinc in

muscle, erythrocytes, brain, hair, and bone is comparatively slow
(Beisel & Pekarek, 1972).
Virtually all zinc in plasma is protein bound, approximately 66%
is loosely bound to albumin and about 30% is bound firmly to an alpha2 ~
macroglobulin glycoprotein (Parisi & Vallee, 1970).

Of the remaining

plasma zinc, approximately half is bound to amino acids such as cysteine
and histidine (Henkin, 1974).

Normal serum concentrations average

121 - 19>ug / 100 ml in humans (Vallee, Wacker, Bartholomay, & Robin,
1956).
Endogenous zinc is excreted primarily via gastrointestinal and
pancreatic secretions and in sweat.

Biliary and urinary excretions of

zinc are minimal, but increase under conditions of diabetes raellitus,
alcoholic cirrhosis, and porphyria (Beisel & Pekarek, 1972; Roman, 1969).

Clinical Studies of Zinc Deficiency in Humans
In 1961 eleven Iranian malnourished patients were diagnosed
(Prasad, Halsted, & Nadimi, 1 9 6 I) as suffering from dwarfism, anemia,
hypogonadism, and geophagia.

The patients also had rough and dry skin

along with evidence of delayed skeletal maturation.

Subsequent reports

of similar cases in Egypt (Prasad, Miale, Farid, Sandstead, & Schulert,
1 9 6 3 ; Prasad, Sandstead, Schulert, & El Rooby, 1963) concluded that the

described syndrome could have been attributed to nutritional deficiency
of zinc.

Historical reviews of the zinc deficiency syndrome in humans

have been published (Prasad, 1972, 1976).
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Within the United States there also exists evidence of zinc
deficiency due to inadequate ingestion of this element.

A study of

middle and upper income children with poor growth revealed lowered
concentration of zinc in hair and retarded taste acuity (Harabidge,
Hambidge, Jacobs, & Baum, 1972).

Supplemental zinc improved these

children's taste, appetite, and growth.

Generally, more expensive

food items, especially meats and shellfish, provide the best sources
of dietary zinc.

The

were reported to have

childrenin the

study by Hambidge et al. (1972)

consumed only small amounts of these foods in

their normal diets.
In a subsequent investigation of children with low growth
percentiles (Hambidge, Walravens, Brown, Webster, White, Anthony, &
Roth, 1 9 7 6 ), children

from low income

families whose diets composed

of less expensive foods, such as less meats, were compared with children
from middle income families.

Both hair zinc and plasma zinc concentra

tions were significantly lower in the lesser income group.

Hypozincemia

(plasma zinc less than 68 >ug / 100 ml) was observed in approximately 34%
of the low income children.
Moreover, in an evaluation of zinc requirements and of several
diets typically consumed within the United States (Sandstead, 1973), it
was concluded that in addition to people living on low income diets, the
amount of zinc ingested by many Americans may be marginal, especially
for some infants, teenage and college women, pregnant women, and insti
tutionalized individuals.

Increased cleanliness and more hygienic food

handling and processing practices which decrease opportunities for
contamination might be contributing factors to the decline in the amount
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of zinc ingested in many communities (Underwood, 1971).
In addition to insufficient ingestion of zinc, lowered plasma
zinc levels can also develop during kwashiorkor (Beisel & Pekarek, 1972),
pernicious anemia (Fredricks, Tanaka, & Valentine, 1964), acute and
chronic infections such as pneumonia, bronchitis, erysipelas, pyelone
phritis, CNS syphilis, typhoid fever, and dysentery (Beisel & Pekarek,
1972; Borisova, I9 6 6 ; Li & Vallee, 1973), during repeated pregnancies or
after use of oral contraceptive agents (Briggs & Briggs, 1971; Halsted,
Hackley, & Smith, I9 6 8 ; Hess, King, & Margen, 1977a, 1977b; Prasad,
Oberleas, Lei, Moghissi, & Stryker, 1975; Schenker, Palishuk, &
Jungreis, 1971), after exposure to bacterial endotoxins (Pekarek &
Beisel, I9 6 9 ), or from intestinal malabsorption.

Absorption of zinc may

be impaired by various pathophysiological factors (Sunderman, 1975) or
by ingestion of diets high in fiber (Beigi, Reinhold, Faradji, & Abadi,
1977; Oberleas & Prasad, 1976; Reinhold, Faradji, Abadi, & Beigi, 1 976 a,
1976 b).

Extensive reviews on the etiology and pathogenesis of zinc

deficiency have been published (Beisel, Pekarek, & Wannemacher, 1976;
Chvapil, Elias, Ryan, & Zukoski, 1972; Devic, 1970; Halsted & Smith,
I97 O; Parisi & Vallee, 1969; Rozner & Gorfien, I9 6 8 ; Sandstead, Burk,
Booth, & Darby, 1970; Sunderman, 1975).
The prevalence of conditions contributing to suboptimal declines
in the amount of total zinc available for metabolic processes within the
human body begets questions as to the possibility of adverse physiologi
cal and behavioral consequences.

Zinc undernutrition and hypozincemia

in humans are typically perplexed by a variety of other nutritional,
socioeconomical, and pathophysiological factors which render empirical
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studies of the zinc deficiency, per se, enigmatic.

Many researchers

have thus relied on controlled animal studies in investigating the
significance of zinc nutrition in physiology and, to a lesser extent,
in behavior.

Experimental Investigation of Zinc Deficiency in Animals
The control and experimental manipulation of dietary intake has
confirmed zinc to be essential in animal nutrition.

Dietary deficien

cies of this element not only affect growth and development in several
species studied, but also the integument, gustatory, immune, reproduc
tive, and nervous systems are affected.

Detrimental changes in

physiology can produce adverse consequences on subsequent behavior.

In

the following review of animal research on dietary zinc deficiency, it
is apparent that the major emphasis to date has been on physiology, with
few references to subsequent behavior.

Only limited attempts have been

made to systematically study the role of zinc nutrition in behavioral
processes.
Early investigations of rats fed diets deficient in zinc
reported alopecia, gross epithelial lesions, and parakeratosis (Follis,
Day, & McCollum, 19^1).

Similar effects on the integument have since

been reported in swine (Hoekstra, 1969; Tucker & Salmon, 1955), sheep
(Mills, Dalgarno, Williams, & Quarterman, 1967; Somers & Underwood,
1 9 6 9 ), chickens (O'Dell, Newberne, & Savage, 1958; O'Dell & Savage,
1 9 5 7 ), turkey poult (Kratzer, Vohra, Allred, & Davis, 1958), pheasant

(Scott, Holm, & Reynolds, 1959), squirrel monkeys (Barney, Macapinlac,
Pearson, & Darby, 1 9 6 7 ), rhesus monkeys (Sandstead, Logan, Jacob,
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Strobel, & Marks, 1976), and humans (Neldner & Harabidge, 1975).
Rats deprived of dietary zinc have also demonstrated preferences
for sodium chloride, sucrose, quinine sulfate, and hydrochloric acid
solutions (Catalanotto & Lacy, 1977; McConnell & Henkin, 197^).

When

any one of the chemical solutions was available concomitantly with
distilled water, the nutrient deprived rats ingested the solution
containing the chemical compound significantly more frequently than did
zinc supplemented control animals.

Catalanotto & Lacy (1977) suggested

that hypogeusia demonstrated in zinc deficient rats may be attributable
to an interference of the metabolic processes responsible for either
taste receptor or taste bud function.

The possibility of hyperkeratosis

extending into the fungiform and circumvallate papilla surfaces was
considered, but histological evidence was unavailable.

Rats fed zinc

deficient diets have also been reported to consume 309^ less food than
ad libitum fed control animals (Chesters & Quarterman, 1970) and to
display a characteristic cyclic pattern of feeding (Chesters &
Quarterman, 1970; Mills et al., 1969).

Zinc thus appears to be an

essential nutriment for processes regulating gustation and feeding
behavior.

Insufficient ingestion of zinc could explain the decreased

taste acuity observed in children with hypozincemia (Hambidge et al.,
1972, 1976).
Zinc has additionally been demonstrated to play a critical role
in the T-cell mediated immune response.

Dietary deficiencies of zinc

accelerated the wasting of thymic and other lymphatic tissues, and
resulted in severe atrophy of the thymus in mice (Fraker, Haas, &
Luecke, 1977; Fraker & Luecke, 1976, 1977), rats (Quarterman, 1974), and
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pigs (Shanklin, Miller, Ullrey, Hoefer, 8c Luecke, I9 6 8 ).

In mice,

production of T-cell dependent antigens were most severely affected by
zinc deficiency, with minimal effects on the humoral or B-cell dependent
immune response.

The role of zinc nutrition in immunity could possibly

aid in construing why malnourished children and adults were more suscep
tible to disease (Chandra, 1972; Faulk, Demaeyer, & Davies, 1974) and
had greater mortality rates due to infections (Faulk et al., 1974;
Gordon, Jansen, & Ascoli, 196$) than properly nourished counterparts.
In reproduction, the importance of zinc is well established.

In

males, insufficient ingestion of zinc resulted in atrophy of seminifer
ous tubules (Follis et al., 1941) and testicular germinal epithelium
(Millar, Elcoate, & Mawson, 1957; Millar, Fischer, Elcoate, & Mawson,
I96 O; Ott, Smith, Harrington, Parker, & Beeson, I9 6 6 ) in rats, and
hypogonadism in rats (Millar et al., 1957), calves (Miller, Blackmon,
Gentry, Powell, & Perkins, 1966; Pitts, Miller, Fosgate, Morton, &
Clifton, 1 9 6 6 ), goats (Miller, Pitts, Clifton, & Schmittle, 1964), rams
(Ott et al., 1 9 6 6 ), and humans (Prasad et al., I9 6 I, 1965).

In female

rats, severe zinc deficiency resulted in disruption of estrous cycles,
infertility, and if pregnancy did occur, abortion and teratology were
extremely common (Apgar, 1970; Hurley & Shrader, 1972; Hurley &
Swenerton, I9 6 6 ).

Removal of dietary zinc on day one of gestation in

rats resulted in difficult and prolonged parturition with excessive
bleeding, accompanied by failures to consume afterbirths, prepare nest
sites, and to retrieve and care for the progeny (Apgar, 1 9 6 8 , 1975).
If, however, supplemental zinc was injected into the deficient dams on
day 18 of gestation, parturition was normal (Apgar, 1977a).
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deficiency induced later during the third trimester of pregnancy resulted
in fetal growth retardation in rats, but no gross congenital abnormali
ties occurred (McKenzie, Fosmire, & Sandstead, 1975)-

Reduction of

litter sizes attributed to insufficient ingestion of zinc have also
been reported in sows (Hoekstra, Faltin, Lin, Roberts, & Grummer, 196?),
and in zinc deficient hens (Blamberg, Blackwood, Suppléé, & Combs, 19^0;
Kienholz, Turk, Sunde, Hoekstra, I9 6 1 ) there was decreased hatchability
of eggs and high mortalities of embryos.
Due to zinc's critical role in the metabolism of proteins and
nucleic acids, tissues which are actively growing and developing are
especially sensitive to zinc depletion.
deficiencies of this element produce

Prenatal and early postnatal

profound effects on the developing

nervous system.
Early hypotheses postulated neural metabolism was independent of
the metabolism of other tissues because of the presence of a blood-brain
barrier (Ogata, Kido, Abe, Furusawa, & Satake, I9 6 8 ),
thought to be unaffected by malnutrition.

The brain was

Studies of humans malnour

ished during gestation (Hytten & Leitch, 1964; Newton, 1958; Thomas,
1 9 6 8 ) reported the fetal brain to be relatively protected from the

effects of maternal nutritional deficiencies.

It was believed that

reserves accumulated in the body of the mother which spared the fetus
from such deficiencies.

Similarly, early evidence from research with

animals suggested that even though early postnatal nutritional depriva
tion led to a reduction in body weight, the brain's weight remained
unaffected (Lehr & Gayet, 1 9 6 5 ).
In contrast to the hypotheses professing sparing of the brain,
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Dobbing (1968b) advanced the hypothesis that during periods of rapid
cellular growth, body organs, including the brain, are most vulnerable to
nutritional assualt.

It is during this period that an organ places its

greatest demands on the nutrient supply.

The hypothesis further asserts

that prior to the period of rapid growth, the brain has largely acquired
its definitive shape.

Any nutritional insults, therefore, should not

produce gross anatomical deformity, rather they should affect the rate
of growth and the ultimate size of the brain.
In rats, the period of most rapid intrauterine neuronal growth
is not until after day l8 of gestation, the period at which fetal rats
accumulate their major proportion of total zinc (Apgar, 1972, 1975,
1977b; Feaster, Hansard, McCall, & Davis, 1955).

It appears fetal rats

accumulate maximum zinc stores immediately prior to the proposed period
of maximum demand when the brain is in the most rapid stages of growth.
This period of rapid neuronal proliferation in rats continues throughout
first three postnatal weeks (Dobbing, 1971).

Thus according to Dobbing's

(1968 b) hypothesis, one would predict the most devastating effects of
zinc undernutrition on neuronal development to occur from late prenatal
and early postnatal déficiences during the critical period of rapid
brain growth.

The literature is consistent with such a prediction.

In zinc deficiencies occurring at the beginning of gestation,
total DNA and RNA, especially in the head region, were reduced in 12 day
old rat embryos whose dams were fed diets devoid of this mineral
(Eckhert & Hurley, 1977).

This reduction in early fetal synthesis of

nucleic acids, however, appeared somewhat reversable upon maternal zinc
supplementation on day 11 of gestation.

Fetuses from rats fed diets
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containing less than 1 ppm zinc during the third trimester of pregnancy
(days 14 through 20 of gestation) were reported (McKenzie et al., 1975)
to have decreased brain sizes characterized by a reduction in cell
number and an apparent increase in cell size.

This effect on the fetal

brain was presumed to represent an impairment of cell division during
the period of rapid cerebral macroneuronal proliferation.

Research

using Euglena gracilis (Falchuk, Fawcett, & Vallee, 1975; Falchuk,
Krishan, & Vallee, 1975) supported the postulated impairment of cell
division during deficiencies of zinc.

In the euglena, deprivation of

zinc resulted in enlargement of the cells and cessation of raoitic cell
division.

Similar reductions in cell numbers attributed to maternal

nutriment restriction during fetal periods of rapid neuronal hyperplasia
were reported unaltered by subsequent nutritional rehabilitation
(Gulley & Lineberger, 1968; Winick, 1970; Winick & Noble, 1966).
In attempts to ascertain possible behavioral abnormalities
subsequent to prenatal zinc deprivation, Halas auid colleagues reported
impaired active avoidance conditioning in adult male progeny (Halas,
Rowe, Johnson, McKenzie, & Sandstead, 1976; Halas & Sandstead, 1975) and
increased frequencies of shock induced aggressive behaviors in female
progeny (Halas, Hanlon, & Sandstead, 1975) of rats fed diets containing
less than 1 ppm zinc during the third trimester of pregnancy.

In a

two-way shuttle box apparatus, the intrauterine zinc deprived male rats
made significantly less responses to avoid electric shocks and had
longer latencies when shuttle responses were emitted than did progeny
from pair fed and ad libitum fed control subjects which received
supplemental zinc.

When pairs of the intrauterine deprived females
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were delivered a 1.5 mA shock, they engaged in more bitting, sparring,
and upright attact posturing than did progeny of pair fed and ad libitum
fed control animals.

In subsequent research, however, Halas et al.

(1 9 7 6 ) failed to replicate differences between rat progeny of zinc
deprived and ad libitum fed control dams in a similar active avoidance
paradigm.

Both male and female progeny of dams deprived of zinc during

the latter third of pregnancy performed comparable to the ad libitum
control subjects in the two-way shuttle apparatus.

Additionally, when

the male progeny were tested in a Tolman-Honzik maze, no differences
between the dietary groups were observed in the total number of errors
made and latencies of the responses.
Neonatal deficiencies of zinc prior to weaning also produced
decreases in total amounts of DNA, RNA, and protein in the rat brain
(Fosmire, Ubaidi, & Sandstead, 1975; Sandstead, Gillespie, & Brady,
1 9 7 2 ).

In contrast to prenatal deficiencies in which the ratio of

protein to DNA is increased (McKenzie et al., 1975), the ratio is
reduced in early postnatal deficiencies (Fosmire et al., 1975).
Decreased production of histones F^ and Fg^^ (Duerre et al., 1977)
indicated that microneuronal proliferation was impaired in the neonatally zinc deficient rat cerebrum.

Previous research with undernutri

tion during the suckling period in rats produced similar effects on
cerebral and cerebellar size and DNA content which were irreversable
even after nutritional rehabilitation (Guthrie & Brown, I9 6 8 ; Patel,
Balazs, & Johnson, 1975; Winick & Noble, 1 9 6 6 ).
Behavioral changes have also been reported subsequent to early
postnatal zinc deficiencies during suckling (Lokken, Halas, & Sandstead,
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197^)-

Neonatal deficiencies of this metal were produced by feeding

lactating dams diets containing less than 1 ppm zinc from delivery
through day 21 of postnatal pup life.

The pups deprived of zinc prior to

weaning at day 21 displayed subsequent impairment of maze acquisition
when tested at day 44 of age.

The deprived progeny made significantly

more total errors in an elevated Tolman-Honzik maze than control animals
from both pair fed and ad libitum fed dams who received supplemental
zinc in their drinking water.

Response latencies, however, were compar

able between the treatment groups.
Later postnatal zinc deprivation beginning at 30 days of age and
lasting through behavioral testing at 78 days of age resulted in
decreased locomotor activity and inferior performances in platform
avoidance conditioning and in the Lashley III water maze (Caldwell,
Oberleas, Clancy, & Prasad, 1970; Oberleas, Caldwell, & Prasad, 1972).
Locomotor actiyity was measured by the number of 6 in. (1$.2 cm) squares
traversed by the subject when placed into a 4 ft. X 4 ft. (1.2 m X 1.2
m) open field enclosure.

In platform avoidance conditioning, the rats

deprived of dietary zinc had significantly longer response latencies and
made proportionally fewer conditioned responses than pair fed zinc
supplemented control subjects.

Similarly, response latencies were

longer and more retrace and cul-de-sac errors were made by the zinc
deprived animals in the Lashley III water maze.
Previous studies of undernutrition immediately after weaning
in rats reported reductions in cerebral and cerebellar protein and
RNA ratios, but no reduction in total brain DNA (Altman, Das, &
Sudarshan, 1970).

Such findings were indicative of decreased cell

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

13
sizes, but not number.

These effects of undernutrition on neuronal

hypertrophy appeared largely reversable upon subsequent nutritional
rehabilitation.
The literature on nutriment deficiencies in rats thus appears
supportive of Dobbing’s (1968b) hypothesis of brain vulnerability to
nutritional assualts during periods of rapid neuronal hyperplasia and
hypertrophy.

Prenatal déficiences of zinc produced reductions in macro

neuronal proliferation (McKenzie et al., 1975) whereas early postnatal
déficiences decreased the proliferation of microneurons (Duerre et al.,
1977).

Unless nutritional rehabilitation was initiated early during

prenatal life, these neurological effects appeared largely irreversable.
Unlike prenatal and neonatal deficiencies, later postnatal nutriment
deprivation beginning immediately after weaning did not affect cell
numbers, rather reductions in cell sizes were reported (Altman et al.,
1 9 7 0 ).

This observed effect on neuronal hypertrophy was largely

reversed upon subsequent nutritional rehabilitation.
The rat brain has been reported to be predominantly spared from
nutritional insults occurring in adult life.

In one study (Dobbing,

1968 a), severe starvation in adult rats was produced by restriction to

an unsupplemented diet of sucrose and water.

Upon the death of the

first rat, the remaining 11 were sacrificed.

No changes were observed

in brain weight and brain DNA and lipid composition, even though average
total body weight was reduced by ^5%.

Rodent versus Primate Models in the Study of Nutriment Deficiencies
Unlike the rat whose period of accelerated brain growth is
mainly during early postnatal existence, the human brain begins to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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proliferate most rapidly at approximately the end of the second trimester
of fetal life.

Dobbing (1971) emphasized that when long-term effects of

imdernutrition on the developing animal brain are extrapolated to humans,
careful matching of comparable stages of rapid growth is of paramount
importance.
The period of rapid brain growth in the rhesus monkey, on the
other hand, is somewhat earlier than in the human brain, and is mainly
prenatal (Cheek, 1973a, 1975; Davison & Dobbing, 1968).

Developmental

stages of the brain, however, are considered more comparable between
rhesus monkeys and humans, than between primates and animals of a
different biological order (Davison & Dobbing, 1968).

Furthermore, since

the approximate period of most rapid brain growth is only 3 days in the
rat, as compared to 6 months in the rhesus monkey and 2 years in humans
(Dobbing, 1971), rats may lack slower responding adaptive mechanisms
which could possibly attenuate some of the adverse effects of early
malnutrition.
The existence of such adaptive mechanisms could help explicate
discrepancies observed in behavioral effects of malnutrition between
.rodents and primates.

Unlike rodents which typically yield devastating

neurological and behavioral abnormalities subsequent to prenatal and
early postnatal protein-joule malnutrition, similar detrimental changes
are usually reduced or absent in malnourished nonhuman primates.

In

rhesus monkey progeny from protein deprived dams, minimal or no changes,
in brain composition (Cheek, Holt, London, Ellenberg, Hill, & Sever,
1 9 7 6 ) and lack of comparable changes in a wide range of behavior includ

ing visual and auditory perception, feeding responses, and locomotion
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(Riopelle, 197^î Riopelle, Hale, & Hill, 1976) were reported.

Similarly,

few, if any, learning impairments have been observed in the progeny of
macaques reared on diets severely restricted in protein (Hillman, Khalid,
& Riopelle, 197&; Riopelle, 1974; Strobel & Munro, in press).
Several explanations have been engendered to account for the
observed discrepancies between rodents and primates in responding to
prenatal malnutrition.

Firstly, the pregnant rhesus monkey has 53^

months to deliver a single infant usually weighing about 8 % of its
weight.

Comparatively, a litter of rats at term comprise approximately

25 % of the dam's weight, and the pregnant dam has only 21 days to pro

duce them.

Therefore, Payne and Wheeler (1968) assert that the nutrient-

synthetic demands of the primate during gestation are substantially
lower than those of the pregnant rodent.

Secondly, since the primate

mother typically has only a single fetus, as compared to a litter of
rodents, the primate may be better able to adjust her pregnancy in
response to the nutrient requirements of the fetus (Riopelle et al.,
1 9 7 6 ).

In support of this latter hypothesis, Riopelle and Hale (1975)

have reported that in the protein deprived macaque, pregnancy tends to
be prolonged from 165 days to 175 days, resulting in normal birth weight
for the fetus.
Thus, it was postulated that the pregnant monkey is capable of
providing the fetus with adequate nutriments despite wide variations in
nutriment ingestion (Riopelle et al., 1976).

This suggested that the

monkey, whose period of maximal rate of brain growth is mainly during
intrauterine existence, is relatively spared from nutritional insult
when compared to the more vulnerable rodent.

Moreover, this observation
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led Cheek (1975h) to assert that the drastic consequences of malnutri
tion, or at very least, of protein deficiency, pertain only to rats,
mice, and other multiparous mammals, but definitely not to primates.
If indeed the primate brain, unlike the brain of the rodent, is
largely spared from nutritional assault during the period of rapid
neuronal proliferation, the use of rodent models to elucidate the human
problem may be inappropriate.
therefore be deemed equivocal.

Extrapolations from such models would
Thus, to better ascertain the importance

of zinc nutrition during rapid brain growth on subsequent behavioral
development, a primate model was utilized in the current research.

In

addition to having periods of brain development more comparable to human
neurological development than species from different biological orders
(Davison & Dobbing, I9 6 8 ), the rhesus monkey also has a behavioral
development more closely resembling human behavioral development.
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Chapter 2

THE RATIONALE AND DESIGN OF THE STUDY

In the rhesus monkey, the critical period of rapid brain growth
traditionally thought vulnerable to nutritional assault is during intra
uterine existence (Cheek, 1973a, 1975; Davison & Dobbing, 1968).
Accordingly, one should expect nutriment deficiencies which occur
prenatally to produce the most profound effects on subsequent behavior.
The present research was designed to investigate possible effects of
maternal zinc restriction during gestation on behavioral development in
primate progeny.
Due to zinc's essential role in reproduction, the deprivation
interval in the current study was limited to the third trimester of
gestation to avoid abortion and teratology.

Moreover, to ensure success

in parturition and to evade excessive bleeding, the deprived dams were
rehabilitated immediately prior to delivery.
Limiting the zinc deprivation to the latter third of the pre
natal period provided several benefits.

First, no visible physical

indications of zinc deficiency existed among the deprived progeny, thus
allowing for experimental procedures to be conducted with a blind
incorporated.

Second, since all progeny were reared on a standard

laboratory diet throughout behavioral testing, motivational differences
between treatment groups during appetitive learning experiments should
have been minimized-

Third, since the deprived progeny were only

malnourished prior to parturition, it should not have been necessary for
the rehabilitated progeny to engage in adaptive behaviors, such as
reduction in energy expenditure and increased motivation and competition
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toward food, as previously observed in postnatal malnourished rhesus
monkeys.

During postnatal protein-joule deficiencies, for example,

many of the reported abnormalities in learning and behavior directly
reflected these ongoing adaptive responses (Strobel & Munro, in press;
Zimmermann, Geist, Strobel, & Cleveland, 197^; Zimmermann, Strobel,
Steere, & Geist, 1975).

The present design should thus have allowed

subsequent behavioral abnormalities to be directly indicative of pre
natal vulnerability to maternal zinc depletion, per se.
After the prenatal deprivation period, the progeny in the
current research were observed in a variety of behavioral situations.
In previous experiments (Sandstead et al., 1976), the interactions of
the progeny with their dams, and the social interactions between progeny
were observed.

The present five experiments were concerned with the

discrimination and avoidance learning capabilities of the progeny.
Figure 1 illustrates the course of events for the entire project.
Of the present learning experiments, two examined the intra
problem color discrimination learning capabilities of the progeny.

One

of these experiments emphasized the learning of repeated reversals while
the other was directed more toward attentional processes.

Of the

remaining three experiments, two were designed to investigate inter
problem transfer of discrimination learning (learning set), and the
remaining one entailed avoidance learning.
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Chapter 3

METHOD

Subjects and Nutritional Treatment
Twelve time-mated pregnant rhesus monkeys (Macaca mulatta),
were individually housed in stainless steel cages in a temperature and
light regulated room.

The subjects were fed a commerical monkey diet

(Purina) containing 31 ppm zinc prior to the 111th day of gestation and
tap water was always available for drinking.

From days 111 through 130

of gestation, four dams (Zn ) were fed a ZCF/o sprayed egg white, biotin
enriched pelleted diet containing less than 1 ppm zinc (Table 1) and
distilled water was available for the subjects to drink.
tional dams (PF) were individually paired with the Zn

Four addi

dams and fed

daily amounts of the zinc deficient diet equivalent to that eaten by
their pair-mate.

Distilled drinking water containing 30 mg of zinc per

liter was available for the PF dams.

Starting between the 103th and

117th day through day I30 of gestation, the four remaining dams (AL)
were fed the zinc deficient diet ad libitum and given the zinc supple
mented drinking water.

One of the AL subjects accepted the experimental

diet poorly and was gradually weaned off the commercial diet and onto
the zinc deficient diet over a 12 day period.

All other animals readily

accepted the zinc deficient diet and the average time of gestation that

The pregnant monkeys (five primigravida, four para, and three
multipara distributed randomly among the treatment groups) were obtained
from NICHD Breeding Colony, California Primate Research Center, Davis,
California, 93616 .
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Table 1

Composition of Experimental Diet

Components

Proportion of diet

Sprayed egg white
Dextrose
Solka floe (SW 140)
Corn oil (Mazola)
Salt mixture
Vitamin mixture
Salt mixture

.2 0

.64
.0 2
.0 8

.04
.0 2

g/kg of mix

CaCOj
Ca(H2 P0 4 )2 'H20
K2 HPO4
NaCl
MgSO^ (anhydrous)
FeSO^.yHzO
MnS0 4 'H20
KI
CuS04'5H20
Na2SeO^*5H20
Vitamin mixture

3 0 0 .0
1 1 0 .0
3 2 5 .0
1 7 0 .0
6 0 .0
3 2 .5
2 .3
0 .8
0 .3
0 .0 0 0 7 5

g/kg of mix

Cerelose
Choline chloride
Ascorbic acid
Inositol
Niacinamide
Ca-panothenate
Menadione
Thiamin hydrochloride
Pyridoxine hydrochloride
Riboflavin
P-amino benzoic acid
Folic acid
Biotin
Cyanocobalamin
Rovimix E-100W®Rovimix A 650 ^
Rovimix AD^ 325/325^
^■Stabilized vitamins from Hoffman-LaRoche, Inc.
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7 2 7 .5

100.0
5 0 .0
2 5 .0
1 2 .5
5 .0
2 .5

1-5
1 .5
1 .5
0 .5
0 .2 5

0.2
0 .0 0 3
6 7 .0
1 .0 5
0 .2 3
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the AL group

was inaugurated on the experimental diet was the 111th day.

Beginning on

day 1$1 of gestation through delivery on

approximatelythe

l66th day, all dams were fed the experimental diet ad libitum and given
the zinc supplemented drinking water.

After parturition all subjects

were fed the commercial monkey diet and were provided with tap water to
drink.

Physical and Chemical Measures
The dams
out the pre-

were evaluated at three to four week intervals through

and postnatal

periods for body weights, concentration of

zinc in hair, and plasma levels of zinc, albumin, and total protein.
Food consumption was measured every two days.

The body weights of the

infants were obtained on five or six occasions during the first 70 to
100 postnatal days of life.
The Zn~ dams displayed gross physical evidence of zinc deficiency
during the 40 day interval of deprivation.
titis on the abdomen and face developed.

General alopecia and derma
The dermatitis cleared sub

sequent to zinc supplementation on day 1^1.

Following parturition it

reappeared in a milder form on both the mother and her infant, clearing
again after 7 to 10 days.

Throughout the remainder of the experiment the

dams and their infants appeared healthy.
One of the Zn“ dams refused to care for her infant.

The infant

was therefore crossed fostered successfully to a PF dam whose infant had
died shortly after birth on the same day.
The feeding pattern of the Zn” dams during zinc deprivation
appeared cyclic and a decreased efficiency of food utilization was
observed.

The mean i 5EM ratio of grams of body weight gained per gram
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of food eaten was O.O6713 t O.OO88 for the Zn” dams compared to 0.1917 t
0 .0 0 6 6 for the AL dams.

Plasma zinc decreased from a range of 46 to 76 jug% to a range of
16 to 23 /ig% in the Zn” mothers.

Mean plasma zinc concentration was

significantly lower in the Zn” dams than in the AL dams during the 40
day deprivation interval, £ < .03.

Levels of total plasma protein

during this period were greater in the PF dams than in the Zn” dams,
£

(.05.

Serum albumin, hair zinc, prenatal weight gain, postnatal

weight loss, and birth weights were not found to differ significantly
between treatment groups.
The PF dams tolerated the pair feeding poorly.

Two had abor

tions the week preceding normal delivery and one, noted above, had an
early neonatal death following breech delivery.

Infants of the PF dams

were therefore not available for behavioral studies.

The PF dams did

not display any evidence of zinc deficiency and appeared healthy
throughout the dietary intervention.

Mother-Infant Interactions
Behavior of the infants and their interactions with their
mothers were monitored by two experienced observers behind a one-way
glass partition.

The observers, who were unaware of the experimental

histories of the subjects and the purpose of the study, used a model
DAK -8 Datamyte portable keyboard (Electro/General Corp.) to record a
four digit code for each defined behavior.

The animals were observed

for 10 minutes on 22 separate occasions at regular intervals throughout
the weaning period from approximately the 42th through 7 5 th day of
infant postnatal life.

The behavioral measures included an activity
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score based on points given for inactive sitting (1 point), active
sitting (2 points), slow walking (3 points), active walking and climbing
(4 points), and running and jumping (3 points).

The percent of time

nursing or away from the mother, and the percent of time and frequency
of play, exploration, and association (direct physical contact) with the
mother were also determined.

For graphic presentation the first 20

observations were divided into four successive blocks of five observa
tions each and the means for each group plotted on Figures 2-3.

All 22

observations were included in the overall analysis of variance (ANOVA).
The observations of maternal-infant interactions revealed differ
ences among the groups during the early weaning period.

The infants of

the Zn“ dams played and explored less frequently (Figures 2 & 3) than the
progeny of the AL dams.

The percent of time the Zn

infants associated

with their mothers was greater (Figure 4) and the amount of physical
activity was significantly less (Figure 3) than the AL control animals.
Tests for intra- and interobserver reliability were conducted
using the replay of video recorded social interactions.

Test-retest

correlations for frequencies and durations of major behavioral categories
ranged from r = .93 to r = .98.

Interobserver correlations averaged

r = .93 and £ = .9 6 for measures of duration and frequency of behavior,
respectively.

Complete review of the dietary regimen, physical and

chemical measures, and mother-infant interactions has been published
(Sandstead et al., 1976).

Peer-Peer Interactions
Following weaning at approximately six months of age, the infants
were separated from their dams and housed with members of their
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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experimental group in stainless steel cages.

All subjects were main

tained on the commercial diet and tap water was always available for
drinking.
At 250 days of age, the monkeys were observed for periods of 2
hours in a 244 cm X 229 cm X 203 cm social play room with members of
their respective treatment group.

A modified Chamove (1974) method,

described by Strobel & Munro (in press), was used for the sequential
recording of monkey social interactions.

After 20 daily observational

sessions, the diet groups were mixed in round-robin pairings and
observed for 20 additional 2-hour sessions.

Groups of four monkeys,

including two animals from each treatment group, were observed during
each session, and all possible paired combinations of subjects were
tested-

Under both test conditions, the peer-peer social interactions

of the Zn" progeny appeared normal.

No

differences in behavior were

observed between treatment groups throughout the 40 observational
periods (Strobel, Sandstead, Zimmermann, & Reuter, in press).

Learning Experiments
At 300 days of age the effects of prenatal zinc deficiency on
the learning performances of the progeny were assessed in a series of
five experiments.

The majority of the behavioral testing in these

experiments was done by experimenters who were uninformed of the
experimental histories of the subjects and the purpose of the study.

No

visible physical abnormalities existed in which the experimenters could
distinguish members of a dietary group, and the subjects remained
healthy throughout the experimentation.

All behavioral testing was
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supervised by the author who was aware of the animals’ experimental
histories.
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Chapter 4

EXPERIMENT 1.

DISCRIMINATION REVERSAL LEARNING

Discrimination and discrimination reversal learning to a single
stimulus pair are rather simple problems for the rhesus monkey (Warren,
1 9 66 ) which have been mastered by infant macaques as young as 10 days

(Harlow, 1959a; Zimmermann, 1 9 6 I; Zimmermann & Torrey, 1965).

Monkeys

with sensory defects in the visual system, disrupted memory capacities,
or extensive lesions in the parietal, temporal, or preoccipital cortex,
however, typically displayed impairments in the acquisition of such
discriminations (Blum, Josephine, Chow, & Pribram, 1950; Chow, 1952;
Chow & Hutt, 1953; Riopelle, Alper, Strong, & Ades, 1953).

If, in the

current research, the primate brain was vulnerable to prenatal depletion
of maternal zinc stores, and extensive neurological damage to the cere
brum or visual sensory inputs ensued, a subsequent impairment in discrim
ination reversal learning by the nutriment deprived subjects would be
expected.

METHOD

Apparatus
Each subject was presented a red-green color discrimination task
in a Wisconsin General Test Apparatus (WGTA).

For a general description

of the WGTA and its functioning consult Meyer, Treichler, and Meyer
(1 9 6 5 ).

Discriminative stimuli consisted of two 7*5 cm X 7.5 cm X 3.5

cm wooden blocks, one painted red and one painted green.

Nonnutritive

appetitive reinforcers consisting of flavored marshmallow bits and sugar
coated cereal were used.
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Procedure
Presentation of the two stimulus blocks (S+ and S-), the
subject’s response of moving aside one of the blocks to expose the food
well, and retraction of the stimulus pair constituted a trial.

The

reinforcer was always under one color (S+) and the position of the
colored blocks within the stimulus pair was shifted in a predetermined
balanced random order.

The S+ was red for half of the subjects within

each treatment group and green for the others.

Daily sessions consisted

of 25 trials each and the terminating criterion for each phase of the
experiment was 22 correct responses (displacement of S+) during a single
session.

Once a subject reached the terminating criterion, the S+ and 8-

objects were reversed.

A second reversal was implemented after the

performance criterion was met in the first.

A noncorrectional procedure

was used throughout discrimination and successive reversal training.
After each daily session the subjects were fed the commerical
monkey diet.

All subjects were maintained at approximately 93% of their

ad libitum fed body weight and tap water was always available for drink
ing.
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RESULTS AND DISCUSSION

No significant differences between treatment groups were observed
in the number of trials to criterion, F (1, 6) = .134, and percentage of
correct responses, F (1, 6) = 1.834, during the initial learning of the
discrimination and in the successive reversal shifts.

As illustrated in

Figure 6, the mean number of trials to criterion t SEM were 437.3 126.4 and 349-2 1 148.1 during initial discrimination learning, 243.8 1
44.9 and 271-8 t 129-6 during the first reversal, and 1 8 7 .3 t 36.4 and
1 8 7 .3 4 72-3 during the second discrimination reversal for the AL and

Zn“ groups respectively.
Restriction of zinc during the latter third of gestation thus did
not appear to be influential in the development of intraproblem discrim
ination and reversal shift learning in adolescent rhesus monkey progeny.
Furthermore, evidence of extensive neurocortical deterioration, as
indicated by performances on discrimination reversal problems, was
not supported by the current data.
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Chapter 5

EXPERIMENT 2.

ACQUISITION OF LEARNING SET

The lack of significant group differences in intraproblem
discrimination learning observed in Experiment 1 did not preclude an
absence of prenatal treatment effects on subsequent performances in more
complex discrimination tasks.

The interproblem transfer of learning

from one discrimination problem to another similar problem (learning
set) was one task commonly accepted as being more difficult for macaques
to perform than was the learning of individual discrimination problems
(Boothe & Sackett, 1975; Harlow, 1959a; Harlow, Harlow, Rueping, &
Mason, I96O; Zimmermann & Torrey, 1965).
In addition to being more difficult, behavioral mechanisms
involved in the formation of learning sets have been suggested to be
qualitatively different from those involved in the acquisition of
individual discriminations (Bessemer & Stollnitz, 1971; Medin, 1977;
Schrier & Povar, 1978).

Eye movements of monkeys during discrimination

reversal learning (Schrier & Wing, 1973)» for example, differed in both
the amount of visual scanning per trial and the duration of individual
visual fixations on discriminanda when compared to eye movements during
learning set acquisition (Schrier & Povar, 1978).

It was thus possible

that prenatal deprivation of zinc might affect the development of the
more perplexing interproblem transfer of discriminations in spite of
the failure to influence performance during learning of individual
discriminations in Experiment 1.
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METHOD

Apparatus
The acquisition of object quality discrimination learning set
was tested in a WGTA.

Stimuli consisted of 200 different stereometric

"junk” objects (see Schrier, 1965, 1966a) such as an orange juice can,
plastic models, and various small toys.

Appetitive reinforcers used

were identical to those described in Experiment 1.

Procedure
The procedure was similar to that described by Harlow (1950)Subjects were presented two junk objects, the reinforcer being under
one of them.

Upon displacement of an object the stimulus pair was

retracted and a trial completed.
composed a problem.

The presentation of six trials

Stimulus objects were shifted in left and right

positions according to a predetermined balanced random order.

The

reinforcer remained under the same object throughout the problem.

Novel

objects were used in each subsequent problem and the subjects were
presented five problems daily for twenty days.
Subjects were fed the commerical laboratory diet after each
daily test session and the subjects remained at 95% of their free feeding
body weight.

The mean age of the subjects at procedural onset was 554

days.
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RESULTS AMD DISCUSSION

Discrimination learning set acquisition, as characterized by the
predictable transfer of learning from problem to problem as intraproblem
learning is generalized between a succession of similar discrimination
problems, was far superior in the monkeys receiving adequate zinc
throughout prenatal life (Figure 7).

On the first trial the mean

performances for both treatment groups over the 100 problem sets were,
as predicted by the experimental design, approximately 509^ correct
responses.

After exposure to the stimulus conditions on trial one, the

AL group was capable of displacing the S+ and obtaining the reinforcer
on over 8^% of the problems, while the maximum performance by the Zn“
subjects was under 6^%.

Analysis of variauice indicated that the

differences in interproblem learning between treatment groups (diet X
problem X trial interaction) was highly significant, F (^95» 2970) =
1.192, 2 < -01.
The role of prenatal zinc nutrition in learning set behavior can
perhaps be best ascertained by delineating the component behavioral
processes involved in the acquisition of learning set.

In formation of

learning set, repeated exposure to a series of trials results in intra
problem learning in which the subject's behavior gradually comes under
the control of the stimulus conditions.

Presentation of successive

similar contingencies with different but related stimulus objects
subsequently results in interproblem generalization of this stimulus
control.

That is, novel but similar stimulus conditions eventually

acquire control of the subject's behavior with increasing efficiency,
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and thus the ability to solve any one of a class of similar discrimina
tion problems improves.
One factor which substantially facilitates the development of
this control is previous training on successive reversal problems.

In

macaque monkeys this positive transfer of training occurred irrespective
of nonspecific transfer effects such as adaptation to the test situation
and testing procedures (Schrier, 1966b, 1974).

Research reporting

learning set facilitation after successive reversal training typically
employed similar discriminative stimuli in both the learning set and
reversal problems, and reversal training usually consisted of between

15 and 160 successive reversals (Kamil, Jones, Pietrewicz, & Mauldin,
1977; Schrier, 1966b, 1974; Schusterman, 1964; Warren, I9 6 6 ).

In the

current study in which the subjects were previously exposed to only two
reversal problems which used stimuli qualitatively different from those
used in learning set training, interexperiment transfer effects were
probably minimal.

Additionally, the level of proficiency in interproblem

learning exhibited by the AL monkeys was comparable to previous reports
of learning set acquisition in rhesus monkeys exposed to 100 similar
problems without previous successive reversal training (Harlow, 1959b),
thus further refuting the existence of interexperiment transfer effects
in the present experiment.
A second factor influential in the formation of the stimulus
control present in discrimination learning set behavior is the matura
tion of the subject.

When performances were compared between rhesus

monkeys of varying age groups, those younger than 1 year usually failed
to demonstrate interproblem learning characteristic of learning set
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(Boothe & Sackett, 1975; Harlow, 1959a; Harlow et al-, 1962; Zimmermann &
Torrey, 1965).

Interproblem performance by the Zn“ group in the present

experiment resembled that of the 120 day old rhesus monkey (Harlow et
al-, 1 9 6 2 ; Zimmermann & Torrey, 1965) while the superior performance by
the AL animals approached that of the behaviorally sophisticated adult
monkey (Harlow, 1959a; Harlow et al-, 1962; Zimmermann & Torrey, I9 6 5 ).
The hypothesis that prenatal zinc undernutrition may delay the behavioral
maturation of the subjects is consistent with studies of protein-joule
malnutrition in which malnourished group living monkeys displayed more
infantile behaviors than control animals (Strobel & Munro, in press).
A third variable in the acquisition of learning set behavior
involves the presence of irreversible brain damage.

Large bilateral

temporal lobe lesions involving both the hippocampus and hippocampal
gyrus abolished object quality learning set behavior in rhesus monkeys
without affecting performances in single problem discriminations
(Riopelle et al-, 1955).

Similarly, bilateral extirpation of just the

temporal neocortex eradicated pattern discrimination learning set
behavior, but failed to affect performances of the monkeys on individual
pattern discrimination problems (Chow, 1954).

In the study by Chow

(1 9 5 4 ), however, object quality learning set behavior was only margin
ally affected.

Adverse neurological effects attributable to prenatal

deficiencies in zinc may thus be another possible explanation for the
lack of interproblem learning in the Zn** monkeys during the current
experiment.

Zinc deficiency during the third trimester of pregnancy has

previously resulted in a decrease in weight, size, and DNA content, along
with an increase in the ratio of protein to DNA in the brains of fetal
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rat progeny at term (McKenzie et al., 1975)*
A fourth factor influential in the formation of learning set
behavior is the subject's ability to observe the relevant features of
the controlling stimuli.

Stollnitz (I9 6 5 ) described observing responses

as any response resulting in exposure to a discriminative stimulus.
More explicitly, an observing response is a response that enables an
organism to observe a situation correlated with the state of its
reinforcement contingencies.

This type of response allows the organism

the opportunity to malce a discrimination, which increases the probability
of the response if it is being reinforced.

In learning set problems, the

probability of an observing response being reinforced varies directly
with the area occupied by the relevant features of the discriminative
stimulus and with the spatial contiguity between these features and the
response.

Riopelle, Wunderlich, and Francisco (1958) presented monkeys

learning set problems in which the stimuli consisted of various numbers
of concentric rings with the relevant cue located in either the center
or within one of the rings.

The closer the relevant cue was to the

perimeter, the higher was the level of interproblem performanceSimilarly, performances increased as the area of the cue increased.
Since the monkeys in the study by Riopelle et al. (1958) displaced the
stimulus objects by touching the edges of the objects, Schuck (I96 O)
proposed the existence of a visual sampling gradient with a maximum in
the region of the monkey's hand position in manipulation.

Performance on

discrimination learning set problems in monkeys was thus inversely
related to the amount of separation between the relevant features of the
discriminative stimulus and the response locus (McClearn & Harlow, 1954;
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Meyer, Polidora, & McConnell, 1961; Murphy & Miller, 1958; Reese, 1964;
Stollnitz & Schrier, 1962),
These four factors and probably several others, are related
variables possibly contributing to the observed deficit in learning set
behavior demonstrated in monkeys prenatally deprived of zinc.

Obviously,

these variables do not represent mutually exclusive events, but rather
possible areas to be investigated in attempting to better understand the
importance of prenatal zinc nutrition in the development of interproblem
learning in the rhesus monkey.
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Chapter 6

EXPERIMENT 3-

SEPARATION OF RELEVANT CUE FROM RESPONSE LOCI

As previously mentioned, one factor affecting the acquisition of
learning set behavior is the spatial contiguity between the relevant
features of the discriminative stimuli and the loci of the target
responses.

Prior research with protein malnutrition demonstrated that

when relevant features of the stimuli are located away from the response
locus in color discrimination reversal problems, malnourished rhesus
monkeys performed inferior to optimally nourished control subjects
(Strobel, Geist, Zimmermann, & Lindvig, 1974; Zimmermann, Geist, Strobel,
& Cleveland, 1974).

Strobel et al. (1974) concluded that the inferior

performance was attributable to the limitation or narrowing of observing
responses to the area in juxtraposition with the response loci.
Experiment 3 was designed to ascertain whether or not analogous
effects on attention during color discrimination reversal learning would
result from prenatal zinc malnutrition.

Moreover, if similar effects

were observed in the zinc deprived monkey progeny, further insights
into the nature of the observed inability of the Zn” subjects to display
interproblem transfer of learning between the successive discriminations
in Experiment 2 may be obtained.

METHOD

Apparatus
Flat wooden stimulus blocks (7*3 cm X 7*3 cm X 2 cm) were used in
conjunction with a WGTA in the presentation of the color discrimination
task.

The back halves of both stimulus blocks were painted gray and the
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front half was painted blue on one of the blocks and yellow on the other.
The reinforcers used were the same as those described in Experiment 1.

Procedure
The procedure used was similar to Experiment 1 except for the
following modifications.

During the initial learning of the color

discrimination the stimulus blocks were presented with the blue and
yellow colored halves nearest the subject.

Sessions of thirty trials

each were run daily until subjects reached the criterion of 27 correct
responses during a single session.

Once reached, the S+ and S- objects

were reversed and the stimulus blocks were rotated 180 degrees such that
the gray painted surfaces were closest in proximity to the animal.

After

a performance of 27 or more correct responses during a session of reversal
training, the experiment was terminated.

The approximate age of the

subjects at procedural onset was 600 days.
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RESULTS AND DISCUSSION

The mean number of trials to criterion t SEM were 67.5

t

7.5 and

6 7 .5 - 7 -5 during initial discrimination learning and 60 + 1 2 .2 5 and
67.5 t 7.5 during discrimination reversal learning for groups AL and
Zn“ respectively.

Analysis of variance indicated no significant differ

ences in the treatment group X problem interaction in the number of
trials to criterion, F (1, 6) = .111, and percentage of correct
responses, F (1, 6) = .847.
The results indicated that when relevant cues (the blue and
yellow portions of the discriminanda) were moved away from where the
subjects typically placed their fingers when displacing the stimulus
objects, no significant changes existed in the performances between
either treatment group.

Thus it appeared that the monkeys' abilities

to observe the relevant stimulus features were unaffected by the pre
natal nutriment manipulation.

Moreover,

it seems less plausible that

a narrowing of observing responses to an area in juxtraposition with
response loci contributed to the performance differences observed
between the groups in the acquisition of object quality discrimination
learning set during Experiment 2.
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Chapter 7

EXPERIMENT 4.

FREE OPERANT AVOIDANCE CONDITIONING

Thus far, maternal deprivation zinc in the rhesus monkey has
been demonstrated to subsequently affect the interproblem generalization
of object quality discriminations (Experiment 2) without influencing
performance on individual discrimination problems (Experiments 1 and 3)
in adolescent progeny.

To further delineate the behaviors encompassed

within the domain of learning behaviors dependent upon adequate prenatal
zinc nutrition, the subjects were exposed to avoidance contingencies in
Experiment 4.
Previous research reported impaired active avoidance condition
ing in adult male rat progeny from dams fed diets containing less than
1 ppm zinc during the third trimester of pregnancy (Halas & Sandstead,
1975).

This finding, however, could not be replicated in subsequent

research by Halas et al. (1976).

Similarly, when the female progeny of

the zinc deprived rodents were tested, Halas et al. (1976) again
observed no differences in active avoidance learning when compared to
control animals.

The significance of prenatal zinc nutrition in active

avoidance learning thus was equivocal.

METHOD

Apparatus

The apparatus was a Lehigh Valley model 1317 steel primate test
chamber (Lehigh Valley Electronics, Inc.).

The inner restraining

chamber was modified for the distribution of pressurized air as
described by Stoffer and Zimmermann (1973).
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The rear corners of the restraining chamber were eliminated and
replaced by a gradual bend of metal from the rear center to half the
distnace Toward on each side.

Pressurized air from a 1.5 HP compresser

was dilivered via three separate 12.7 mm copper tubes clamped to the
periphery of the restraining chamber.

The tubes were positioned

horizontally at heights of 5, 5 0 .5 , and 60 cm extending from the forward
portions of the chamber to the middle of the rear where they intersected
a 7 6 .2 mm copper tube positioned vertically.

Between 60 and 100 psi

(4 .1 5 6 8 5 6 X 10 ^ N/m^ and 6,89476 ^ 10^ N/m^) of air was distributed into
the tubes via a five second opening of a normally closed solenoid valve
attached in line with an oxygen regulator and the air compresser.

Air

left the copper tubes through 1 mm openings along each tube and entered
the chamber through larger 6.4 mm holes cut into the chamber walls.
bottom tube had 18 openings spaced 72.2 mm apart.

The

The openings were

alternately drilled at angles horizontal to the base of the chamber and
5 0 degrees upward from the base.

The upper tube was identical to the

lower except every other opening was angled 50 degrees downward from the
base.

The middle tube had 28 openings spaced every 50.8 mm alternately

drilled at angles horizontal, 30 degrees upward, and 50 degrees downward
from the base.

A 15.2 cm speaker mounted centrally on top of the

chamber's ceiling provided continuous white masking noise throughout the
experiment.

Mounted 4.8 cm forward of the speaker was a 45.7 cm 110 VAC

incandescent house lamp.
The stimulus panel located on the front of the restraining
chamber consisted of four levers and a food delivery cup.

The levers

were centered 5 0 .8 mm apart in a horizontal row 42.5 cm above the base
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of the chamber.

They protuded 19 mm into the chamber and approximately

100 g were required to depress the levers.

A 10 ram depression on any

lever closed a microswitch which activated the recording and airblast
delay circuits.

Programming was done with 200 series BPS logic (BPS

Electronics) and data was collected directly by a PDF 11/10 computer
(Digital Equipment Corp.).
During pretraining, 190 mg banana flavored food pellets (P. J.
Noyes Co.) were automatically dispensed into a round 9.1 cm high
aluminum cup, 10.2 cm in diameter.

The food cup was located in a 1? cm

X 1 9 .2 X 6.4 cm recessed area centered 19.4 cm above the base of the
chamber.

The recessed area was lit for 2 sec by a 24 VDC light whenever

a food pellet was dispensed.

After pretraining, the recessed area

containing the food cup was replaced with a 1.6 mm thick piece of steel
plating mounted flush with the stimulus panel.

Procedure
Pretraining consisted of 12 daily sessions of 20 minutes in
which a response to any lever resulted in delivery of a banana flavored
food pellet.

Subjects were maintained at 95% of their free feeding body

weight throughout pretraining.

The approximate age of the subjects was

690 days at initiation of pretraining procedures.

On experimental day 19, the avoidance contingencies were imple
mented.

The general paradigm was similar to that described by Sidman

(1 9 9 9 ).

Response-airblast and airblast-airblast intervals were equal

to 90 sec such that a response to any lever resulted in delaying the
onset of an airblast by 90 sec.

In the absence of avoidance responding
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a 3 sec blast of pressurized air was delivered at regular 30 sec
intervals.

Daily sessions were of 20 minute durations and conditioning

entailed 20 sessions of avoidance contingencies.

Animals were fed ad

libitum after each avoidance session.
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RESULTS AND DISCUSSION

No appreciable differences between the treatment groups were
observed during pretraining.

Both groups required a mean of 3.75

sessions of pretraining before emitting the operant response.

Once

emitted, the mean + SEM rates of responding for the AL and Zn~ groups
were 8.3 - .45 and 8.8 t .7 responses per minute, respectively.
During avoidance training, no significant main effects were
observed between the treatment groups in the number of avoidance
responses emitted, F(1, 6) = 4,398, number of airblasts received,
F (1, 6) = 2.426, mean interresponse times, F(1, 6) = 1.834, and mean
interairblast times, F(l, 6) = .244.

Similarly, no appreciable group

differences existed in the duration of the intervals between an airblast
and a subsequent response, F(1, 6) = .744.
Upon closer analysis of individual performances (Figures 8 and
9), it was apparent that an uncontrolled variable may have been
influential in obscuring the group differences in avoidance conditioning.
Three of the AL subjects successfully avoided the majority of possible
airblasts, but so did one of the Zn“ subjects.

This prenatally deprived

subject also appeared to display many more aggressive and dominant
social behaviors than other subjects in both Zn

and AL groups.

Thus

to test the possibility of dominance status acting as a concomitant
variable in active avoidance learning, an analysis of covariance was
performed.
The concomitant variate was computed from the observations of
peer-peer social interactions within each group during the 10 month
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interval following separation from their mothers (Strobel et al., I9 7 8 ).
Each behavioral interaction was scaled according to the interval scaling
procedure developed by Maxim (1976, 1978).

The mean dominance score for

each subject was then used as the concomitant variate in the analysis.
When avoidance performances were adjusted by analysis of
covariance, significant treatment effects were obtained in the number
of airblasts received, F^hj (1, 5) = 1 3 .5 5 , £ 4 .05, and number of avoid
ance responses emitted, Fadj^^» 5) = 11.31, £ < .05.

No adjusted group

differences, however, were observed in the mean interresponse, Fadj^^»
= 5 .8 0 8 , and interairblast,

(1, 5) = 5.132, times and in the inter

vals between an airblast and subsequent response, F^^j(1, 5) = 3 .1 6 3 .
It should also be noted that aggressive behaviors toward another
animal rank high on the scaling procedure developed by Maxim, and that
the highest performing Zn~ subject also had the highest measure of
social dominance.

The mean dominance values t SEM were -.244 t. .0225

and -.064 1 .1208 for the AL and Zn” subjects respectively, F(1, 6) =
2 .1 3 7 , £ = .1 9 2 7 -

Interest ingly, Halas et al. (1975, 1976) have reported increased
frequencies of shock induced aggressive attacks, but no impairment in
active avoidance conditioning in female rats prenatally deprived of
zinc.

Male rats, however, did display impaired avoidance conditioning

when prenatally zinc deprived (Halas & Sandstead, 1975).

Halas et al.

(1 9 7 6 ) concluded that the female rats were more resistant to intra
uterine zinc deficiency than male rats-

In view of the present data

one may rather, perhaps prematurely, speculate about a possible diet X
aggressiveness X active avoidance performance interaction.
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^4
in the present experiment no sex differences were apparent in within
group performances during avoidance conditioning.

It was possible

that prenatal zinc nutrition affected behavioral processes involved in
both aggression (or social dominance) and avoidance learning.

When

studied separately, the effects on one may obscure observed effects on
the other.

For example, prenatal deprivation of zinc in monkeys may

affect both the development of social relations and the animals abili
ties to avoid noxious stimuli.

The extent to which social relations

are affected may then subsequently affect performance on the avoidance
task.

It was hypothesized from the current data that the effects of

prenatal zinc nutrition on just avoidance learning or on soley aggres
sive behavior may be insignificant when compared to the interaction of
these effects.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter 8

EXPERIMENT 5-

LEARNING SET: A REEXAMINATION

In Experiment 2, monkeys prenatally deprived of zinc failed to
demonstrate interproblem transfer on 100 object quality discrimination
problems.

In delineating the possible behavioral components contribut

ing to the observed deficit in interproblem discrimination learning,
some form of permanent neurological damage or interference in behavior
maturational processes appeared to be the most plausible explanations
for the data.

Obviously, both are not independent processes.

Lasting

changes in neural tissues could potentially affect maturational processes.
Moreover, the social interactions between the mothers and
infouits cannot be ignored.

The results of Experiment 2 need not neces

sarily reflect physiological changes within the subject, but rather
differences in mother-infant interactions.

Even though few differences

were reported in mother-infant interactions between treatment groups
(Sandstead et al., 1976), it is possible that differential interactions
between dams and progeny affected subsequent learning set behavior.

To

date, however, effects of differential maternal-infant interactions in
macaques on subsequent learning set performance have not been substanti
ated in the literature.
If the nature of the observed learning set deficit in the Zn“
monkeys stemmed from some permanent neurological or behavioral impair
ment whose effects lasted throughout behavioral testing which began at
500 days of age, the effects should be expected to persist if retested
at 2 years of age.

If, however, maturational processes were soley

affected, one should expect increasing proficiency on learning set
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problems with age.
Retesting the subjects on learning set at 2 years of age should
help to decipher whether it was the rate or the absolute level of
learning set performance which was affected by déficiences in prenatal
zinc nutrition.

If upon retesting, the performances of the Zn~ monkeys

were no different from their performances in Experiment 2, a permanent
deficit on absolute performances would be indicated.

However, if

performances were significantly improved, the data would tend to suggest
a rate parameter was affected by the treatment.

METHOD

Apparatus and Procedure
Junk objects which were different from those used in Experiment 2
and novel to the subjects were used as stimuli.

All other aspects of the

apparatus and procedure were identical to those in Experiment 2.
approximate age of the subjects was 730 days at procedural onset.
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RESULTS AND DISCUSSION

Interproblem learning, as measured by the percentage of correct
responses on each trial over the 100 problem sets, was markedly improved
in the Zn“ group when compared to earlier performance in Experiment 2,
F(1, .6) = 2 6 .5 8 2 , 2 4. "01, but still significantly inferior, F(1, 6) =
6.146, £ ^ .0 5 , to the performance of the AL group (Figure 10).

Inter

problem learning by the AL monkeys, however, was virtually identical to
their previous high performances in Experiment 2, F(1, 6) = .455.
The results suggested that the consequences of zinc undernutri
tion during the latter third of pregnancy affected primarily the rate
at which the adolescent progeny acquired learning set behavior.

Possible

factors contributing to the delayed rate of interproblem learning in the
Zn" progeny may include (1) ontogenic delays in behavioral maturation,
or (2) the necessity for extended exposure to stimulus conditions in
acquisition of learning set behaviors.

Since, however, the Zn” animals

still performed inferior to the AL monkeys during the second series of
100 learning set problems, a permanent absolute performance deficit in
interproblem discrimination learning cannot be refuted.
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Chapter 9

DISCUSSION

Adolescent progeny of rhesus monkeys deprived of dietary zinc
during the third trimester of pregnancy performed inferior to control
animals in the acquisition of learning where relevant and irrelevant
features of the controlling stimuli are not explicit.

In object quality

learning set, the subjects were presented successive six trial discrim
ination problems.

In each problem, the discriminative stimulus for a

given response was a pair of stereometric junk objects.

Interproblem

learning, unlike the color discrimination and discrimination reversal
learning in Experiments 1 and 3, is not controlled by any single feature
of the stimulus objects.

After successive exposure to similar contin

gencies in learning set problems involving different, but related,
discriminative stimuli (Experiment 2), the AL group learned to immedi
ately distinguish the relevant and irrelevant features of the stimuli
upon initial exposure to the contingencies in trial one.

The AL monkeys

thus were said to have acquired object quality learning set behavior.
Failure of the Zn” group to discriminate between relevant and irrelevant
features of the stimuli among related problems possibly represented a
delay in their behavioral maturation.
The ability to acquire learning sets in macaques is an age
dependent function.

In a study in which 63 rhesus monkeys born over a

period of four years were divided into differing age groups and tested
on learning set problems, Harlow et al. (I96 O) reported "that rhesus
monkeys must be nearly a year old before any semblance of efficient
object-discrimination learning-set capability develops" (p. II8 ).
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learning set performance of the Zn~ animals when tested on 100 problems
at V A years of age resembled that of 120 day old monkeys exposed to a
similar number of learning set problems in the study by Harlow et al.
(i9 6 0 ).

When retested on 100 additional problems at 2 years of age,

the performance of the Zn” group was significantly improved and resem
bled the efficiency attained by Harlow's et al. year old macaques after
exposure to 200 learning set problems.

This data implicated a possible

role of nutrition in the ontogeny of maturational processes.

Comple

mentary evidence was reported in studies of protein malnutrition in
which rhesus monkeys deprived of dietary protein displayed signs of
impaired sexual maturation and engaged in more "infantile-like" behav
iors than control animals (Strobel & Munro, in press).
The results obtained in Experiments 2 and 3 could also be
accounted for by a necessity for extended exposure to the stimulus
conditions in the acquisition of learning set behavior by the Zn“
animals.

In more common terms, the Zn~ monkeys may have been "slow

learners" requiring more experience with discriminative stimuli and
contingencies of reinforcement than AL subjects in learning complex
tasks involving discriminative stimuli in which the relevant and
irrelevant features are not explicit.

Such behavior would be a function

of the number of problems presented and not necessarily of the matura
tional state of the organism.

The increased performance in interproblem

learning demonstrated by the Zn” group in Experiment 5 may have simply
reflected the amount of training the animals received and not changes in
maturational processes.
The Zn

monkeys, however, exhibited virtually no interproblem
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transfer of learning during the first series of 100 problems (Experiment
1), but during the second series of 100 object quality discriminations
(Experiment 5) interproblem transfer developed rapidly.

If only the

rate of interproblem learning was affected by prenatal zinc nutrition,
a gradual progressive increment in performance over the total 200
problems would have been more expected than the sudden upward shift in
proficiency which was observed in the Zn” monkeys during the second 100
problems.

Furthermore, since performance of Zn” animals was inferior to

control monkeys even after the second series of 100 learning set problems,
the existence of a permanent interproblem performance deficit could not
be rejected.
In avoidance learning, the Zn” monkeys also performed inferior
to control subjects, but only after covariate adjustment for social
dominance.

The influence of intragroup social status on active avoid

ance learning promoted still an alternative explanation for the observed
group differences.

Rather than the performance deficits resulting from

just the prenatal zinc restriction, per se, interactions and early
social relations with mother and the establishment of peer group rela
tions may have contributed to the observed behavioral differences between
the treatment groups.

Even though the peer-peer social relations did not

appear to be affected by the prenatal treatment, is is plausible that an
interaction between peer-peer social relations and active avoidance
conditioning was affected.

The present avoidance learning data were,

however, only suggestive of such an interaction between prenatal zinc
nutrition, social relations, and avoidance conditioning, and unfortu
nately this speculation could not be conclusively substantiated.
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Other possible etiological factors contributing to the
behavioral differences between the AL and Zn “ animals are unknown.
Zinc deficiency during the third trimester of gestation has been
reported to severely retard growth in the liver aind to impair cell
division during macroneuronal proliferation in the brain of fetal rats
at term (McKenzie et al., 1975)*

The existence of similar adverse

effects in prenatal zinc deficient monkeys will not be known until
pathological examinations are completed.
Pathophysiological factors are surely a source of behavioral
impairments.

Whether the differences in learning observed between

dietary groups in the present study were attributable soley to physio
logical pathologies in zinc deficient progeny, or partially to changes
in maternal interactions with progeny, is a -question yet to be answered.
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Chapter 10

SUMMARY

Pregnant rhesus monkeys deprived of dietary zinc from day 111 to
150 of gestation developed dermatitis, alopecia, anorexia, and depressed
concentrations of plasma zinc.

During weaning,

infant progeny of the

zinc deficient dams associated with their mothers more and consequently
were less active and engaged in play and exploration less frequently
than control infants.
At 6 months of age, the infants were separated from their mothers
and housed with members of their experimental treatment group.

No

significant differences were observed in the peer-peer social inter
actions of the progeny during the succeeding 10 month interval.
In a series of learning experiments beginning at 500 days of age,
group performances between the adolescent progeny were comparable in
discrimination reversal learning and in discriminations involving
separation of relevant features of discriminative stimuli from response
loci.

Unlike the control group, however,

the intrauterine deprived

animals were unable to demonstrate interproblem transfer of learning
(learning set) on 100 object quality discrimination problems.
Subsequent performance by the zinc deprived progeny on 100 additional
learning set problems was significantly improved, but still inferior to
control subjects.

These results indicated that prenatal zinc depriva

tion, while failing to affect performances on individual discriminations,
severely retarded the rate of interproblem discrimination learning.
The possible roles of prenatal zinc nutrition in both the development
of complex stimulus control and the ontogeny of specific behavioral
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capabilities in rhesus monkeys were reviewed.
Exposure to free operant avoidance contingencies resulted in
impaired performances by the zinc deficient progeny only after covariate
adjustment for social dominance.

The avoidance conditioning results

were explained in accordance to a potential three-way interaction
between early nutritional status, aggression, and avoidance learning.
The existence of such an interaction could help clarify existing
discrepancies reported in observations of behavioral effects of prenatal
zinc deficiencies in rodents.

Moreover, the results tended to suggest

that early changes in social relations with mother and establishment of
peer group relations may have plausibly contributed to the learning
impairments observed in the progeny of rhesus monkeys restricted of zinc
during the third trimester of gestation.
The data of the present experiments will have hopefully helped
to delineate the behaviors which are dependent upon adequate prenatal
zinc nutrition in the primate.

Since there appears to be little fetal

storage of zinc in humans (Spray & Widdowson, 1951), and since evidence
exists that the amounts of zinc ingested by some women during the latter
part of pregnancy may be suboptimal (Halsted & Smith, 1970; Henkin, 1971;
Sandstead,

1973), the results of the present study seem especially

pertinent.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

REFERENCES

Aisen, P., Leibman, A., & Pinkowitz, R. A. The anion-binding functions
transferrin.
Advances in Experimental Medicine and Biology, 1Q74,
48, 125-140.
^
Altman, J., Das, G. D ., & Sudarshan, K. The influence of nutrition on
neural and behavioral development. I. Critical review of some data on
the growth of the body and the brain following dietary deprivation
during gestation and lactation. Developmental Psychobiology, 1970,
3 281 301

,

-

.

^

Apgar, J.
Effect of zinc deficiency on parturition in the rat.
can Journal of Physiology, 1968, 213, I6 O-I6 3 .

Ameri-

Apgar, J .
Effect of zinc deficiency on maintenance of pregnancy in the
rat. Journal of Nutrition, 1970, 1 0 0 , 470-476.
Apgar, J. Effect of zinc deprivation from days 12, 15, or 18 of gesta
tion on parturition in the rat. Journal of Nutrition, 1972, 102,
343-348.
Apgar, J. Effect of zinc repletion late in gestation on parturition in
the zinc-deficient rat. Journal of Nutrition, 1973, 103, 973-981.
Apgar, J.
rats.

Effects of some nutritional deficiencies on parturition in
Journal of Nutrition, 1975, 105, 1553-1561.

Apgar, J. Effects of zinc deficiency and zinc repletion during preg
nancy on parturition in two strains of rats. Journal of Nutrition,
1 9 7 7 , 1 0 7 , 1399-1403. (a)
Apgar, J. Use of EDTA to produce zinc deficiency in the pregnant rat.
Journal of Nutrition, 1977, 107, 539-545* (b)
Barney, G. H., Macapinlac, M. P., Pearson, W. N., & Darby, W. J. Para
keratosis of the tongue— A unique histopathologic lesion in the zincdeficient squirrel monkey. Journal of Nutrition, 1967,
511-517Beigi, F. I., Reinhold, J. G., Faradji, B., & Abadi, P. Effects of
cellulose added to diets of low and high fiber content upon the
metabolism of calcium, magnesium, zinc and phosphorus by man.
Journal of Nutrition, 1977, 107, 510-518.
Beisel, W. R., & Pekarek, R. S. Acute stress and trace element metabol
ism. In C. 0. Pfeiffer (Ed.), Internation Review of Neurobiology
(Suppl. 1). New York: Academic Press, 1972.
Beisel, W, R., Pekarek, R. S., & Wannemacher, R. W., Jr. Homeostatic
mechanisms affecting plasma zinc levels in acute stress. In A. S.
Prasad & D. Oberleas (Eds.), Trace elements in human health and
disease (Vol. 1). New York: Academic Press, 1976-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

66
Bessemer, D. W., & Stollnitz, F. Retention of discriminations and an
analysis of learning set. In A. M. Schrier & F. Stollnitz (Eds.),
Behavior of nonhuman primates (Vol. 4). New York: Academic Press,
1971.
Blamberg, D. L., Blackwood, U. B., Suppléé, W. C., & Combs, G. F, Effect
of zinc deficiency in hens on hatchability and embryonic development.
Proceedings of the Society for Experimental Biology and Medicine,
i9 6 0 , 104T 217-220%
Blum, J. S., Chow, K. L., & Pribram, K. H. A behavioral analysis of the
organization of the parieto-temporo-preoccipital cortex. Journal of
Comparative Neurology, 1930, 93, 33-100.
Boothe, R., & Sackett, G. Perception and learning in infant rhesus
monkeys. In The rhesus monkey (Vol. 1). New York: Academic Press,
1973.
Borisova, M. A. The indices of ceruloplasmin activity, the content of
copper and zinc in patients with typhoid and dysentery in levomycetin
therapy. Sovetskaya Meditsina, I9 6 6 ,
39-63.
Briggs, M. H., & Briggs, M. Effects of steroid pharmaceuticals on
plasma zinc. Nature, 1971, 232, 480-48l.
Caldwell, D. F., Oberleas, D ., Clancy, J. J,, & Prasad, A. S. Behavioral
impairment in adult rats following acute zinc deficiency. Proceedings
of the Society for Experimental Biology and Medicine, 1970, 133,
1417-1421.
Catalanotto, F. A., & Lacy, P. Effects of a zinc deficient diet upon
fluid intake in the rat. Journal of Nutrition, 1977, 107, 436-442.
Chamove, A. S. A new primate social behavior category system.
1 9 7 4 , 1 5 , 8 3 -9 9 .
Chandra, R. K. Imraunocompetence in undernutrition.
1 9 7 2 , 8 2 , 1 1 9 4 -1 2 0 0 .

Primates,

Tropical Pediatrics,

Cheek, D. B. Brain growth and nucleic acids, the effect of nutritional
deprivation. In F. Rechardson (Ed.), Brain and intelligence.
Hyattsville, Md.: National Educational Press, 1973. (a)
Cheek, D. B. Maternal nutritional restriction and fetal brain growth.
In F. Richardson'(Ed.), Brain and intelligence. Hyattsville, Md. :
National Educational Press, 1973. Cbl
Cheek, I). B. Implications and conclusions. In D. B. Cheek (Ed.), Fetal
and postnatal cellular growth: Hormones and nutrition. New York:
Wiley, 1 9 7 3 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

67
Cheek, D. B., Holt, A. B., London, W. T., Ellenberg, J. H., Hill, D. E.,
& Sever, J. L. Nutritional studies in the pregnant rhesus monkey—
The effect of protein-calorie or protein deprivation on growth on the
fetal brain. American Journal of Clinical Nutrition, 19?6, 29, 1l491157.
"
“ "
—
Cherian, M, G, Studies on the synthesis and metabolism of zinc-thionein
in rats. Journal of Nutrition, 1977, 107, 965-972.
Chesters, J. K., & Quarterman, J. Effects of zinc deficiency on food
intake and feeding patterns of rats. British Journal of Nutrition,
1 9 7 0 , 24, 1 0 6 1 -1 0 6 9 .
Chow, K. L. Further studies on selective ablation of associative cortex
in relation to visually mediated behavior. Journal of Comparative and
Physiological Psychology, 1952, 45, 109-118.
Chow, K. L. Effects of temporal neocortical ablation on visual discrim
ination learning sets in monkeys- Journal of Comparative and Physio
logical Psychology, 1954 , 47, 194-198.
Chow, K. L., & Hutt, P. J. The "association cortex" of Macaca mulatta:
A review of recent contributions to its anatomy and functions.
Brain, 1953 , 76 , 51-65*
Chvapil, M., Elias, S. L., Ryan, J. N., & Zukoski, C- F. Pathophysiol
ogy of zinc. In C. C. Pfeiffer (Ed.), International Review of Neuro
biology (Suppl. 1). New York: Academic Press, 1972.
Culley, W. J., & Lineberger, R. 0. Effect of undernutrition on the size
and composition of the rat brain. Journal of Nutrition, I9 6 8 , 9 6 ,
3 7 5 -3 8 1

.

Davison, A. N., & Bobbing, J. The developing brain. In A. N. Davison
& J. Dobbing (Eds.), Applied neurochemistry. Oxford: Blackwell,
1968.
Devic, D. M. Methodology of zinc determinations and the role of zinc in
biochemical processes. Advances in Clinical Chemistry, 1970, 15,
2 7 1 -3 3 3 .
Dobbing, J. Effects of experimental undernutrition on development of
the nervous system. In N. S. Scrimshaw & J. E. Gordon (Eds.),
Malnutrition, learning, and behavior. Boston: M. I. T. Press, I9 6 8 .
Ta)
Dobbing, J. Vulnerable periods in developing brain. In A. N. Davison &
J. Dobbing (Eds.), Applied neurochemistry. Oxford: Blackwell, 1968.
(b)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

68
Dobbing, J.
TJndernutrition and the developing brain: The use of animal
models to elucidate the human problem.
In R. Paoletti & A, N,

Davison (Eds.), Chemistry and brain development.
Press, 1 9 7 1 .
----

New York: Plenum

Duerre, J. A., Ford, K. M., & Sandstead, H. H. Effect of zinc defici
ency on protein synthesis in brain and liver of suckling rats.

Journal of Nutrition, 1977, 107, 1082-1093.
Eckhert, C, D., & Hurley, L. S.
Reduced DNA synthesis in zinc defici
ency: Regional differences in embryonic rats. Journal of Nutrition,
1 9 7 7 , 1 0 7 , 8 5 5 -8 6 1 .
Evans, G. W . , & Winter, T. W. Zinc transport by transferrin in rat
portal blood plasma.
Biochemical and Biophysical Research Communi
cations, 1 9 7 5 ,
1 2 1 5 -1 2 2 3 .
Falchuk, K. H . , Fawcett, D. W . , & Vallee, B. L. Role of zinc in cell
division of Euglena gracilis. Journal of Cell Science, 1975, 17, 5778.
Falchuk, K. H . , Krishan, A,, & Vallee, B. L. DNA distribution in the
cell cycle of Euglena gracilis. Cytofluorometry of zinc deficient
cells.
Biochemistry, 1975, l4, 3439-5^44.
Faulk, W. P., Demaeyer, E. M . , & Davies, A. J. Some effects of mal
nutrition on the immune response in man. American Journal of Clini
cal Nutrition, 1974,
638-646.
Feaster, J. P., Hansard, S. L . , McCall, J. T.^ & Davis, G. K. Absorp
tion deposition and placental transfer of °^zinc in the rat.
American Journal of Physiology, 1955, 1 8 1 , 287-290.
Follis, R. H . , Jr., Day, H. G . , & McCollum, E. V. Histological studies
of the tissues of rats fed a diet extremely low in zinc. Journal of
Nutrition, 1941,
223-237*
Fosmire, G. J., Fosmire, M. A., & Sandstead, H. H. Zinc deficiency in
the weanling rat: Effects on liver composition and polysomal profiles.
Journal of Nutrition, 1976, IO6 , 1152-1158.
Fosmire, G. J., Ubaidi, Y. Y., & Sandstead, H. H.
natal zinc deficiency on developing rat brain.

Some effects of post
Pediatric Research,

1 9 7 5 , 9, 8 9 -9 3 .
Fraker, P. J., Haas, S. M . , & Luecke, R. W. Effect of zinc deficiency
on the immune response of the young adult A/J mouse. Journal of
Nutrition, 1977, 107, 1889-1895*

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

69
Fraker, P, J,, & Luecke, R, W. Dietary zinc: Its effects on the immune
response of A/J mice. Second Joint Meeting of the American Institute
of Nutrition, the American Society for Clinical Nutrition, and the
Nutrition Society of Canada, 1976, 2, xx. (Abstract)
Fraker, P. J., & Luecke, R, W. The effects of dietary zinc on T-cell
helper function of the A/J mouse. Federation Proceedings, 1977, 56,
1 1 7 6 . (Abstract)
Fredricks, R. E., Tanaka, K. R., & Valentine, W. N. Variations of human
blood cell zinc in disease. Journal of Clinical Investigation, 1964,
4 5 , 5 0 4 -5 1 5 .
Fujioka, M., & Lieberman, I. A En+^ requirement for synthesis of deoxy
ribonucleic acid by rat liver. Journal of Biological Chemistry, 1964,
2 5 9 , 1164-1167.
Gordon, J. E., Jansen, A. A., & Ascoli, W. Measles in rural Guatemala.
Journal of Pediatrics, I9 6 5 ,
779-784.
Guthrie, H. A., & Brown, M. L. Effect of severe undernutrition in early
life on growth, brain size and composition in adult rats. Journal of
Nutrition, 1968, 9^, 419-426.
Halas, E. S., Hanlon, M. J., & Sandstead, H. H.
and aggression. Nature, 1975, 257, 221-222.

Intrauterine nutrition

Halas, E. S., Rowe, M. C., Johnson, 0. R., McKenzie, J. M., & Sandstead,
H. H. Effects of intrauterine zinc deficiency on subsequent behavior.
In A. S. Prasad & D. Oberleas (Eds.), Trace elements in human health
and disease (Vol. 1). New York: Academic Press, 1976.
Halas, E. S., & Sandstead, H. H. Some effects of prenatal zinc defici
ency on behavior of the adult rat. Pediatric Research, 1975, _9« 9497.
Halsted, J. A., Hackley, B. M., & Smith, J. C., Jr. Plasma zinc and
copper in pregnancy and after oral contraceptives. Lancet, 1968, 2,
2 7 8 -2 7 9 .
Halsted, J. A., & Smith, J. C., Jr.
Lancet, 1970, 2.* 522-524.

Plasma zinc in health and disease.

Hambidge, K. M., Hambidge, C., Jacobs, M., & Baum, J. D. Low levels of
zinc in hair, anorexia, poor growth, and hypogeusia in children.
Pediatric Research, 1972, 6, 868-874.
Hambidge, K. M., Walravens, P. A., Brown, R. M., Webster, J., White, S.,
Anthony, M., & Roth, M. L. Zinc nutrition of preschool children in
the Denver Head Start program. American Journal of Clinical Nutri
tion, 1 9 7 6 , 2 9 , 7 5 4 -7 5 8 .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70
Harlow, H. F. Analysis of discrimination learning by monkeys.
of Experimental Psychology. 1 9 5 0 ,
26-39.
Harlow, H. F. The development of learning in the rhesus monkey.
can Scientist. 1959,
^59-479. (a)

Journal

Ameri-

Harlow, H. F . Learning set and error factor theory- In S. Koch (Ed.),
Psychology: A study of a science (Vol. 2). New York: McGraw-Hill,
1 9 5 9 . (b)
Harlow, H. F . , Harlow, M. K . , Rueping, R. R., & Mason, W. A. Perfor
mance of infant rhesus monkeys on discrimination learning, delayed
response, and discrimination learning set. Journal of Comparative
and Physiological Psychology, I96 O,
113-121.
Hendricks, D. G., & Mahoney, A. W. Glucose tolerance in zinc deficient
rats. Journal of Nutrition, 1972, 102, 1079-1084.
Henkin, R. I. Newer aspects of copper and zinc metabolism. In W. Mertz
& W. E. Cornatzer (Eds.), Newer trace elements in nutrition. New
York: Dekker, 1971.
Henkin, R. I. Metal-albumin-amino acid interactions: Chemical and
physiological interrelationships. Advances in Experimental Medicine
and Biology, 1974, 48, 299-528.
Hess, F. M., King, J. C., & Margen, S. Effect of low zinc intake and
oral contraceptive agents on nitrogen utilization and clinical find
ings in young women. Journal of Nutrition, 1977, 107, 2219-2227. (a)
Hess, F, M., King, J. C., & Margen, S. Zinc excretion in young women on
low zinc intakes and oral contraceptive agents. Journal of Nutrition,
1 9 7 7 , 1 0 7 , 1 6 1 0 -1 6 2 0 . (b)
Hillman, N. M., Khalid, S. R. K., & Riopelle, A. J. Protein deprivation
in primates. X. Test performance of juveniles born of deprived
mothers. American Journal of Clinical Nutrition, 1978, 31, 388-393Hoekstra, W. G. Skeletal and skin lesions of zinc-deficient chickens
and swine. American Journal of Clinical Nutrition, I9 6 9 , 22, 12681277.
Hoekstra, W. G. , Faltin, E. C., Lin, C. W., Roberts, H. F., & Grummer, R.
H. Zinc deficiency in reproducing gilts fed a diet high in calcium
and its effect on tissue zinc and blood serum alkaline phosphatase.
Journal of Animal Science, I9 6 7 , 26, 1348-1357Hsu, J. M., Anthony, W. L,, & Buchanan, P. J. Zinc deficiency and
incorporation of ^^Q^i^beled methionine into tissue proteins in rats.
Journal of Nutrition, I9 6 9 , 99, 423-432.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71
Hsu, J, M., Kim, K. M., & Anthony, W, L. Biochemical and electron
microscopic studies of rat skin during zinc deficiency. Advances in
Experimental Medicine and Biology, 19?4,
547-388.
Huber, A. M., & Gershoff, S, N. Effect of zinc deficiency in rats on
insulin release- Journal of Nutrition. 1973, 103, 1739-1744.
Hurley, L. S., & Shrader, R. E. Congenital malformations of the nervous
system in zinc-deficient rats. In C. G. Pfeiffer (Ed.), Internation
al Review of Neurobiology (Suppl. 1). New York: Academic Press,
1972.
Hurley, L. S., & Swenerton, H. Congenital malformations resulting from
zinc deficiency in rats. Proceedings of the Society for Experimental
Biology and Medicine, 1966, 123, 6 9 2 -6 9 6 .
Hytten, F. E., & Leitch, I. . The physiology of human pregnancy.
Blackwell, 1964.
----- ------------

Oxford:

Kamil, A. C., Jones, T. B., Pietrewicz, A., & Mauldin, J. E. Positive
transfer from successive reversal training to learning set in blue
jays (Cynocitta cristata). Journal of Comparative and Physiological
Psychology, 1977, 91_» 79-86.
Kienholz, E. W., Turk, D. E., Sunde, M. L-, & Hoekstra, W. G. Effects
of zinc deficiency in the diets of hens- Journal of Nutrition, I96 I,
75 , 211-221.
Kratzer, F. H., Vohra, P., Allred, J. B., & Davis, P. N. Effect of zinc
upon growth and incidence of perosis in turkey poults. Proceedings
of the Society for Experimental Biology and Medicine, 1958, 9 8 , 205207.
Lehr, P., & Gayet, J. Response of the cerebral cortex of the rat to
prolonged protein depletion. I. Tissue weight, nitrogen, DNA and
proteins. Journal of Neurochemistry, 1963, 10, 169-176.
Li, T. K., Vallee, B. L. The biochemical and nutritional role of trace
elements. In R. S. Goodhart & M. E- Shils (Eds-), Modern nutrition
in health and disease (5th ed.). Philadelphia: Lea & Fegiger, 1975.
Lokken, P. M., Halas, E. S., & Sandstead, H. H. Influence of zinc
deficiency on behavior. Proceedings of the Society for Experimental
Biology and Medicine, 197^, l44^ 680-683.
Maxim, P. E. An interval scale for studying and quantifying social
relations in pairs of rhesus monkeys. Journal of Experimental
Psychology; General, 1976, 105, 123-147.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

72
Maxim, P. E. Quantification of social behavior in pigtail monkeys.
Journal of Experimental Psychology: Animal Behavior Processes. 19?8,
4, 5 0 -6 7 .
McMlearn, G. E., & Harlow, H. F. The effect of spatial contiguity on
discrimination learning by rhesus monkeys. Journal of Comparative
and Physiological Psychology, 1954,
591-594.
McConnell, S. D., & Henkin, R. I. Altered preference for sodium
chloride, anorexia and changes in plasma and urinary zinc metabolism
in rats fed a zinc deficient diet. Journal of Nutrition, 1974, 104,
1108-1114.
--------------------McKenzie,
during
liver,

J. M., Fosmire, G. J., & Sandstead, H.
H. Zincdeficiency
the latter third of pregnancy; Effects on fetal rat brain,
andplacenta. Journal of Nutrition, 1975, 105, 1466-1475»

Medin, D. L. In A. M. Schrier (Ed.), Behavioral primatology: Advances
in research and theory (Vol. 1). Hillsdale, N. J.: Erlbaum, 1977»
Meyer, D. R., Polidora, V. J., & McConnel, D. G. Effects of spatial
S-R contiguity and response delay upon discrimination performances
by monkeys. Journal of Comparative and Physiological Psychology,
1961,
1 7 5 -1 7 7 .
Meyer, D. R., Treichler, F. R., & Meyer, P. M. Discrete-trial training
techniques and stimulus variables. In A. M. Schrier, H. F. Harlow, &
F. Stollnitz (Eds.), Behavior of nonhuman primates (Vol. 1). New
York: Academic Press, 1985Millar, M. J., Elcoate, P.V., Fischer, M. I., & Mawson, C. A. Effect
of testosterone and gonadotrophin injections on the sex organ
development of zinc-deficient male rats. Canadian Journal of
Biochemistry and Physiology, I96 O,
1457-1466.
Miller, W. J., Blackmon, D. M., Gentry, R. P., Powell, G. W., & Perkins,
H. E. Influence of zinc deficiency on zinc and dry matter content of
ruminant tissues and on excretion of zinc. Journal of Dairy Science,
1 9 6 6 , 4 9 , 1446-14 5 4 .
Miller, W. J., Pitts, W. J., Clifton, C. M., & Schmittle, S. C.
Experimentally produced zinc deficiency in the goat. Journal of
Dairy Science, 1984,
556-559*
Mills, C. F . , Dalgarno, A. C., Williams, R. B., & Quarterman, J- Zinc
deficiency and the zinc requirement of calves and lambs. British
Journal of Nutrition, 1967,
751-768.
Mills, C. F., Quarterman, J., Chesters, J. K . , Williams, R. B., &
Dalgarno, A. C. Metabolic role of zinc. American Journal of Clini
cal Nutrition, 1969, 22, 1240-1249.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

73
Murphy, J. V., & Miller, R. E. Effect of the spatial relationship
between cue, reward, and response in simple discrimination learning.
Journal of Experimental Psychology, I9 5 8 ,
26-31.
Neldner, K. H., & Hambidge, K. M. Zinc therapy of acrodermatitis
enteropathica. New England Journal of Medicine, 1975, 292, 879-882.
Newton, W. H. Changes in the maternal organism during pregnancy. In
A. S. Parkes (Ed.), Marshall's physiology of reproduction (Vol. 2).
London: Longmans, 1958.
Nielsen, F. H., Dowdy, R. P., & Ziporin, Z. Z. Effect of zinc deficiency
on sulfur-35 and hexosamine metabolism in the epiphyseal plate and
primary spongiosa of the chick. Journal of Nutrition, 1970, 100,
9 0 3 -9 0 7 .
Oberleas, D . , Caldwell, D, F ., & Prasad, A. S. Trace elements and
behavior. In C. C. Pfeiffer (Ed.), International Review of Neuro
biology (Suppl. 1). New York: Academic Press, 1972.
Oberleas, D . , & Prasad, A. S. Factors affecting zinc homeostasis. In
A. S. Prasad & D. Oberleas (Eds.), Trace elements in human health and
disease (Vol. 1). New York: Academic Press, 197^.
O'Dell, B. L. , Newberne, P. M ., & Savage, J. E. Significance of dietary
zinc for the growing chicken. Journal of Nutrition, 1958, 6^, 503-

O'Dell, B. L., Reynolds, G., & Reeves, P. G. Analogous effects of zinc
deficiency and aspirin toxicity in the pregnant rat. Journal of
Nutrition, 1977, 107, 1222-1228.
O'Dell, B. L., & Savage, J. E. Symptoms of zinc deficiency in the
chick. Federation Proceedings, 1957, 1_6, 39^. (Abstract).
Parisi, A. F., & Vallee, B. L. Zinc metalloenzymes: Characteristics and
significance in biology and medicine. American Journal of Clinical
Nutrition, 1969,
1222-1239.
Parisi, A. F., & Vallee, B. L. Isolation of a zinc alphag-macroglobulin
from human serum. Biochemistry, 1970, % 2421-2426.
Patel, A. J., Balazs, R., & Johnson, A. L. Effect of undernutrition on
cell formation in the rat brain. Journal of Neurochemistry, 1973, 20,
1151- 1165.
Payne, P. R., & Wheeler, E. F. Comparative nutrition in pregnancy and
lactation. Proceedings of the Nutrition Society, 1968,
129-138.
Pekarek, R. S., & Beisel, W. R. Effect of endotoxin on serum zinc con
centrations in the rat. Applied Microbiology, 1969, I8 , 482-484.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

74
Pitts, W. J., Miller, W. J., Fosgate, 0. T., Morton, J. D., & Clifton, C,
M. Effect of zinc deficiency and restricted feeding from 2 to 5
months Of age on reproduction in Holstein bulls. Journal of Dairy
-------------Science, 1966,
995-1001.
Pories, W. J., Strain, W. H., Hsu, J. M., & Woosely, R. L. Role of zinc
in protein synthesis. In W. J. Pories, W. H. Strain, J. M. Hsu, &
R. L. Woosely (Eds.), Clinical applications of zinc metabolism.
Springfield: Thomas, 1974.
Prasad, A. S. Zinc deficiency syndrome in man: A historical review. In
C. C. Pfeiffer (Ed.), International Review of Neurobiology (Suppl. 1).
New York: Academic Press, 1972.
Prasad, A. S. Deficiency of zinc in man and its toxicity. In A. S.
Prasad & D. Oberleas (Eds.), Trace elements in human health and
disease (Vol. 1). New York: Academic Press, 1976.
Prasad, A, S., Halsted, J. A., & Nadimi, M. Syndrome of iron deficiency
anemia, hepatosplenomegaly, hypogonadism, dwarfism, and geophagia.
American Journal of Medicine, I96 I, 51_, 552-546.
Prasad, A. S., Miale, A., Jr., Farid, Z., Sandstead, H. H . , & Schulert,
A. R. Zinc metabolism in patients with the syndrome of iron defici
ency anemia, hepatosplenomegaly, dwarfism,
and hypogonadism. Journal
of Laboratory and Clinical Medicine, I9 6 5 , 61,537-549Prasad, A. S., & Oberleas, D. Thymidine kinase activity and incorpora
tion of thymidine into DNA in zinc-deficient tissue. Journal of
Laboratory and Clinical Medicine, 1974, 8 5 , 634-639Prasad, A. S., Oberleas, D., Lei, K. Y., Moghissi, K. S., & Stryker, J.
C. Effect of oral contraceptive agents on nutrients. American
Journal of Clinical Nutrition, 1975,
377-384.
Prasad, A. S., Sandstead, H. H., Schulert, A.
R.,& El Rooby,A. S.
Urinary excretion of zinc in patients with the syndrome of
anemia,
hepatosplenomegaly, dwarfism, and hypogonadism. Journal of Labora
tory and Clinical Medicine, 1963, 6^, 591-599Quarterman, J. The effects of zinc deficiency or excess on the adrenals
and the thymus in the rat. In W. G. Hoekstra, J. W. Suttie, H. E.
Ganther, & W. Mentz (Eds.), Trace element metabolism in animals
(Vol. 2). Baltimore: University Park Press, 1974.
Reese, H. W. Discrimination learning set in rhesus monkeys.
ical Bulletin, 1964, 6l, 321-340.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Psycholog

75
Reinhold, J . G., Faradji, B., Abadi, P., & Beigi, F. I. Binding of zinc
to fiber and other solids of wholemeal bread. In A. S. Prasad & D.
Oberleas (Eds.), Trace elements in human health and disease (Vol. 1).
New York: Academic Press, I9 7 6 . (a)
Reinhold, J . G., Faradji, B., Abadi, P., & Beigi, F. I. Decreased
absorption of calcium, magnesium, zinc and phosphorus by humans due
to increased fiber and phosphorus consumption as wheat bread.
Journal of Nutrition, 1976, 106, ^95-503. (b)
Riopelle, A. J. Early protein deprivation and behavioral deficit recon
sidered. In J. Cravioto, L. Hambraius, & B. Vahlquist (Eds.), Early
malnutrition and mental development: Symposia of the Swedish Nutri
tion Foundation (Vol. 12). Uppsala: Almqvist & Wiksell, 1974.
Riopelle, A, J,, Alper, R. G . , Strong, P. N., & Adas, H. W. Multiple
discrimination and patterned string performance of normal and
temporal-lobectomized monkeys. Journal of Comparative and Physio
logical Psychology, 1953,
l43-l49.
Riopelle, A. J., & Hale, P. A. Nutritional and environmental factors
affecting gestation length in rhesus monkeys. American Journal of
Clinical Nutrition, 1975, 28, 1170-117 6 .
Riopelle, A. J., Hale, P. A., & Hill, C. W. Protein deprivation in
primates. VIII. Early behavior of progeny. Developmental Psycho
biology, 1 9 7 6 , 9, 463-475•
Riopelle, A. J., Wunderlich, R. A., & Franc iso, E. W. Discrimination
of concentric-ring patterns by monkeys. Journal of Comparative and
Physiological Psychology, 1958, 21' 622-626.
Riordan, J. F., & Vallee, B. L. Structure and function of zinc metallo
enzymes. In A. S. Prasad & D. Oberleas (Eds.), Trace elements in
human health and disease (Vol. 1). New York: Academic Press, 1976.
Roman, W. Zinc in porphyria.
1 9 6 9 , 2 2 , 1 2 9 0 -1 3 0 3 .

American Journal of Clinical Nutrition,

Rozner, F., & Gorfien, P. C. Erythrocyte and plasma zinc and magnesium
in health and disease. Journal of Laboratory and Clinical Medicine,
1 9 6 8 , 7 2 , 2 1 3 -2 1 9 .
Sandstead, H. H. Zinc nutrition in the United States.
of Clinical Nutrition, 1973,
1231-1260.

American Journal

Sandstead, H. H., Burk, R. F., Booth, G. H., & Darby, W. J. Current
concepts on trace minerals: Clinical considerations. Medical Clinics
of North America, 1970, 54, 1309-1531.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76

Sandstead, H. H., Gillespie, D. D., & Brady, R. N. Zinc deficiency:
Effect on brain of suckling rat. Pediatric Research, 1972. 6. 119125.
"
'
Sandstead, H, H., Logan, G. M., Jacob, R. A., Strobel, D. A., & Marks, E.
0. Zinc deficiency in pregnant rhesus monkeys: Effects on behavior of
infants. Clinical Research, 1976, 24, 504A..
Sandstead, H. H ., & Rinaldi, R. A. Impairment of deoxyribonucleic acid
synthesis by dietary zinc deficiency in the rat. Journal of Cellular
Physiology, 1 9 6 9 , 73, 81-84.
Sandstead, H. H., & Terhune, M. W. Zinc deficiency: Effects on RNA
polymerase arid polysomes. In W. J. Pories, W. H. Strain, J. M. Hsu,
8t R. L. Woosely (Eds.), Clinical applications of zinc metabolism.
Springfield: Thomas, 197^
Schenker, J. G., Palishuk, W. Z., & Jungreis, E. Serum copper and zinc
levels in patients taking oral contraceptives. Fertility and Steril
ity, 1 9 7 1 , 22, 2 2 9 -2 3 4 .
Schrier, A. M. Pretraining
performance of three species ofmacaque
monkeys. Psychonomic Science, 1965, 3, 517-518.
Schrier, A. M. Learning-set formation by three species of macaque
monkeys. Journal of Comparative and Physiological Psychology,
6 1 , 4 9 0 -4 9 2 . (a)
Schrier, A. M. Transfer by macaque monkeys between the learning-set and
repeated-reversal tasks. Perceptual and Motor Skills, I9 6 6 , 23, 7877 9 2 . (b)
Schrier, A. M. Transfer between the repeated reversal and learning set
tasks: A reexamination. Journal of Comparative and Physiological
Psychology, 1974, 8 7 , 1004-1010.
Schrier, A. M., & Povar, M.
L. Eye movements of monkeys during learningset formation. Science, 1978, 199, 1362-1364.
Schrier, A. M., & Wing, T. G. Eye movements of monkeys during brightness
discrimination and discrimination reversal. Animal Learning and
Behavior, 1973, 1_, 145-150.
Schuck, J. R. Pattern discrimination and visual sampling by the monkey.
Journal of Comparative and Physiological Psychology, I96 O,
215255

.

Schusterman, R. J. Successive discrimination-reversal training and
multiple discrimination training in one-trial learning by chimpan
zees. Journal of Comparative and Physiological Psychology, 1964, 58,
153- 156.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

77
Scrutton, M. C., Wu, C. W., & Goldthwait, D . A. The presence and pos
sible role of zinc in RNA polymerase obtained from Escherichia coli.
Proceedings of the National Academy of Sciences of the United States
of America, 1971, 68, 2497-2501.
Shanklin, S. H., Miller, E. R., Ullrey, D, E., Hoefer, J. A., & Luecke,
R. W. Zinc requirement of baby pigs on casein diets. Journal of
Nutrition, 1968 , 96, 101-108.
Sidman, M. Two temporal paramenter of the maintenance of avoidance
behavior by the white rat. Journal of Comparative and Physiological
Psychology, 1953,
253-261.
Slater, J. P., Mildvan, A. S., & Loeb, L. A. Zinc in DNA polymerases.
Biochemical and Biophysical Research Communications, 1971,
37-43.
Smith, J. C., Jr., Brown, E. D . , McDaniel, E. G., & Chan, W. Altera
tions in vitamin A metabolism during zinc deficiency and food and
growth restriction. Journal of Nutrition, 1976, 106, 569-574.
Smith, J. 0., Jr., McDaniel, E. G., Fan, F. F., & Halsted, J. A. Zinc:
A trace element essential in vitamin A metabolism. Science, 1973,
l8l, 954-955.
Somers, M., & Underwood, E. J. Studies of zinc nutrition in sheep. II.
The influence of zinc deficiency in ram lambs upon digestibility of
the dry matter and the utilization of the nitrogen and sulfur of the
diet. Australian Journal of Agricultural Research, 1969, 20, 889903.
Spencer, H., Osis, D . , Kramer, L., & Norris, C. Intake, excretion, and
retention of zinc in man. In A. S. Prasad & D. Oberleas (Eds.), Trace
elements in human health and disease (Vol. 1). New York: Academic
Press, 19 7 6 .
Spray, 0. M., & Widdowson, E. M. The effect of growth and development
on the composition of mammals. British Journal of Nutrition, 1951,
4, 3 3 2 -3 5 3 .
Stoffer, G. R., & Zimmermann, R. R. Airblast avoidance learning sets in
rhesus monkeys. Animal Learning and Behavior, 1973, 1_, 211-214.
Stollnitz, F. Spatial variables, observing responses, and discrimination
learning sets. Psychological Review, 1965, 72, 247-261.
Stollnitz, F . , & Schrier, A. M. Discrimination learning by monkeys with
spatial separation of cue and response. Journal of Comparative and
Physiological Psychology, I9 6 2 , 55, 8 7 6 -8 8 I.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

78
Strobel, D. A., Geist, C. R., Zimmermann, R. R., & Lindvig, E. K. Guelocus——A factor in the behavioral deficiency of the developing
protein-malnourished monkey (Macaca mulatta). Behavioral Bioloev.
1974, 1 0 , 473-484.
---------------------------Strobel, D. A., & Munro, N. Behavioral changes in malnourished monkeys.
In Handbook of nutrition. CRG Press, in press.
Strobel, D. A., Sandstead, H. H., Zimmermann, L-, & Reuter, A. T.
Prenatal protein and zinc malnutrition, in press.
Sundaresan, P. R., Gope, F. 0., & Smith, J. G., Jr. Influence of zinc
deficiency on retinal reductase and oxidase activities in rat liver
and testes. Journal of Nutrition, 1977, 107, 2189-2197.
Sunderman, F. W., Jr. Gurrent status of zinc deficiency in pathogenesis
of neurological, dermatological and musculoskeletal disorders.
Annals of Glinical and Laboratory Science, 1973, 3» 132-143.
Terhune, M. W., & Sandstead, H. H. Decreased RNA polymerase activity in
mammalian zinc deficiency. Science, 1972, 177, 6 8 -6 9 .
Thomas, A. M. Historical perspectives of nutrition, reproduction and
growth. In N. S. Scrimshaw & J. E. Gordon (Eds.), Malnutrition,
learning, and behavior. Boston: M. I. T. Press, 1968.
Thompson, R. W., Gilbreath, R. L., & Bielk, F. Alterations of porcine
skin acid mucopolysaccharides in zinc deficiency. Journal of Nutri
tion, 1 9 7 3 , 1 0 3 , 1 3 4 -1 6 0 .
Tucker, H. F., & Salmon, W. D. Parakeratosis or zinc deficiency disease
in the pig. Proceddings of the Society for Experimental Biology and
Medicine, 1933, 88 ~j 6 1 3 -6 1 6 .
Underwood, E. J. Trace elements in human and animal nutrition (3rd ed.).
New York: Academic Press, 1971.
Vallee, B. L., Wacker, W. E. G., Bartholomay, A. F ., & Robin, E. D.
Zinc metabolism in hepatic dysfunction. I. Serum zinc concentrations
in Laennec's cirrhosis and their validation by sequential analysis.
New England Journal of Medicine, 1936, 233, 403-4o8.
Warren, J. M. Reversal learning and the formation of learning sets by
cats and rhesus monkeys. Journal df‘ Comparative and Physiological
Psychology, I9 6 6 , 6^, 421-428.
Winick, M.

Nutrition and nerve cell growth.
19703 2 9 , 1 3 1 0 -1 3 1 3 .

Federation Proceedings,

Winick, M . , & Noble, A. Cellular response in rats during malnutrition
at various ages. Journal of Nutrition, I9 6 6 , 8 9 , 300-306.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

79
Zimmermann, R. E. Analysis of discrimination learning capacities in the
infant rhesus monkey. Journal of Comparative and Physiological
Psychology, 19^1,
1-10.
Zimmermann, R. R., Geist, C. R., Strobel, D. A., & Cleveland, T. J.
Attention deficiencies in malnourished monkeys. In J. Cravioto,
L. Hambraius, & B. Vahlquist (Eds.), Early malnutrition and mental
development; Symposia of the Swedish Nutrition Foundation (Vol. 12).
Uppsala: Almqvist & Wiksell, 1974.
Zimmermann, R. R., Strobel, D. A., Steere, P., & Geist, C. R. Behavior
and malnutrition in the rhesus monkey. In L. A. Rosenblum (Ed.),
Primate behavior. New York: Academic Press, 1975.
Zimmermann, R. R., & Torrey, C. G. Ontogeny of learning. In A. M.
Schrier, H. F. Harlow, & F. Stollnitz (Eds.), Behavior of nonhuman
primates (Vol. 2). New York: Academic Press, 19^5»

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

